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SUMMARY : ABSTRACT OF THESIS
E x t e n s i v e  measurements have been made o f  t he  s o l u b i l i t i e s  o f  t he  f i v e
gases h e l i u m ,  hy d rogen ,  a r g o n ,  oxygen ,  and carbon  d i o x i d e ,  i n  e t h a n o l /  
w a t e r  and in  t - b u t a n o l / w a t e r  m i x t u r e s  o v e r  the  who le  o f  t h e i r  
c o n c e n t r a t i o n  range ,  and t h r o u g h o u t  t h e  te m p e ra tu re  i n t e r v a l  4®C t o  
61 °C. The measurements were  c a r r i e d  o u t  by the  le ss  usua l  f l o w i n g - f i l m  
t e c h n i q u e ,  w h ic h  has been d e s c r i b e d  in  d e t a i l .  I t  depends on th e  r a p i d  
e s t a b l i s h m e n t  o f  e q u i l i b r i u m  between a gas and i t s  s o l v e n t  w h i l e  t he  
l i q u i d  f l o w s  i n  a s t a b l e ,  t h i n  f i l m  down the  w a l l s  o f  a tu b e  e n c l o s i n g  
t h e  gas.  R e s u l t s  were r e p r o d u c i b l e ,  c o r r o b o r a t e d  a t  r e l e v a n t  p o i n t s  by 
r e s u l t s  o b ta in e d  by o t h e r  w o rk e rs  f r o m  the  o t h e r  more common m ix in g  
t e c h n i q u e s .
These s o l u b i l i t y  measurements were used t o  i n v e s t i g a t e  t he  e f f e c t s  o f  
f o r e i g n  m o le c u le s  on the  s t r u c t u r e  o f  l i q u i d  w a t e r .  To t h i s  end
s ta n d a r d  thermodynamic f u n c t i o n s  were c a l c u l a t e d  f o r  each o f  the
s o l u b i l i t i e s ,  h a v in g  programmed a computer  t o  c a r r y  o u t  t he  a r i t h m e t i c .  
Graphs were drawn t o  show th e  r e l a t i o n s h i p ’ o f  t he  f u n c t i o n s  t o  th e  gas 
d i s s o l v e d ,  t he  a l c o h o l  mixed w i t h  .the w a t e r ,  and th e  te m p e r a tu r e .  Most 
i n f o r m a t i o n  was o b t a i n e d  f rom  the  e n t h a l p y  and e n t r o p y  changes in  the  
sys te m s ,  and c e r t a i n  f e a t u r e s  o f  t h e i r  dependence on th e  c o n c e n t r a t i o n  
o f  t he  a l c o h o l .
A m i x t u r e  model f o r  w a te r  s t r u c t u r e  has been d e s c r i b e d ,  and some a s p e c ts  
o f  i t  e l u c i d a t e d .  The s i z e  o f  any m o le c u le  i n t r o d u c e d  i n t o  w a te r  has 
been shown t o  be an i m p o r t a n t  f a c t o r  i n  i t s  i n f l u e n c e  on th e  w a te r  
s t r u c t u r e .  A q u a n t i t a t i v e  e s t i m a t e  has been made o f  t h e  e f f e c t  o f
(v )
temperature on the mole f r a c t i o n  o f  water  molecules which a re  completely  
hydrogen-bonded, c a l l e d  " Ic e b e rg s "  or  " c l u s t e r s " .  An e s t im a te  has a ls o  
been made of  the r e l a t i v e  amounts o f  d i f f e r e n t - s i z e d  c lu s t e r s  a t  var io us  
tempera tures,  and I t  has been concluded t h a t  as the temperature r i s e s ,  
th e r e  is a s e l e c t i v e  and p rogress ive  d e s t r u c t io n  of  the l a r g e s t  c l u s t e r s .
F i n a l l y ,  a mechanism has been suggested f o r  the s t a b i l i s a t i o n  o f  c lu s t e r s  
by added s o lu te  molecu les,  which depends on t h e i r  e f f i c i e n c y  a t  prevent in g  
thermal d is r u p t i o n  of  the c l u s t e r s .
CHAPTER 1 GAS SOLUBILIT IES
1. INTRODUCTION
The s o l u b i l i t y  o f  gases in l i q u i d s  has been in v e s t ig a te d  q u a n t i t a t i v e l y  
s ince  the beginning of  the l a s t  c en tu ry .  The c l a s s i c  work of  Henryk,  
reported in 1803, was the f i r s t  at tempt to c o r r e l a t e  some of  the  
f a c t o r s  invo lved .
Since then,  much progress has been made, in the v a r i e t y  o f  s o l u t e -  
s o lv en t  systems s tu d ie d ,  In the accuracy of  the exper imenta l  r e s u l t s ,  
and, f o r  some systems, in the t h e o r e t i c a l  i n t e r p r e t a t i o n  of  the d a ta .
(a)  The v a r i e t y  o f  systems studied
A recent  review by B a t t in o  and Wilhelm^ tab u la tes  r e l i a b l e  data on 
the s o l u b i l i t y  o f  16 d i f f e r e n t  gases in 39 d i f f e r e n t  so lve n ts .
T h is  l i s t  ex c lude s  w a t e r  and aqueous m i x t u r e s ,  w h ich  an e a r l i e r  
r e v ie w  by B a t t i n o  and C le v e r ^  does cover  b r i e f l y .
S o l u b i l i t y  of  gases in aqueous mix tures i s ,  however, of  special  
i n t e r e s t ,  both f o r  in v e s t ig a t io n s  in to  the s t r u c t u r e  of  l i q u id  
water  i t s e l f ,  and f o r  the unique and important  r o le  t h a t  these  
mixtures  have in biochemical f i e l d s .
The present  i n v e s t i g a t i o n  has been concerned w i th  such three  
component systems. Aqueous ethanol  and aqueous t e r t i a r y  bu tan o l ,  
over p r a c t i c a l l y  t h e i r  whole con cen t ra t ion  range,  were both used 
as solvents f o r  the gases hydrogen, hel ium, oxygen, argon,  and 
carbon d io x i d e ,  a t  atmospheric pressure and over the temperature  
range 5“ 60°C.
(b) Experimental  r e s u l t s
The d i f f e r e n t  techniques which have been used to  o b ta in  r e l i a b l e  
data are also  reviewed by B a t t i n o  and Clever^ .  The one employed 
in t h is  work gives r e s u l t s  which are rep roduc ib le  w i t h i n  about
0 . 5%. The technique was devised by Morr ison^,  and b a s i c a l l y  i t  
cons is ts  o f  the s a t u r a t i o n  of  a so lvent  w i th  gas w h i l e  the l i q u i d  
f lows in a t h in  f i l m  down the  w a l l s  of  a glass tube.  Such a 
f lo w  system is a useful  a l t e r n a t i v e  to the more usual batch  
method in vo lv in g  shaking or s t i r r i n g ,  a l though some more modern 
versions of  the l a t t e r  seem capable o f  somewhat g r e a t e r  accuracy.
(c) S o lu t io n  th e o r ie s
Some so lu t io n s  can be described in terms of  the concepts o f  
i d e a l i t y ^  and r e g u l a r i t y ^ ,  but none in which w ater  is a component 
can be so descr ibed .
Thus complete t h e o r e t i c a l  exp lanat io ns  are s t i l l  u n a v a i l a b l e  f o r  
aqueous so lv en ts .  Nevertheless a comparison of  the thermodynamic 
f u n c t io n s ,  c a lc u la t e d  f o r  the s o l u b i l i t i e s  measured, does g iv e  
some i n d ic a t i o n  o f  parameters which may be re l e v a n t  to the  
problem.
2 .  SOLUBILIT IES OF GASES IN LIQUIDS
(a) L i q u i d  s o l v e n t s
H i l d e b r a n d ,  in  th e  f o u r t h  e d i t i o n  o f  h i s  t e x t b o o k  on s o l u t i o n s ? ,  
p o i n t s  o u t  the  u s e f u l n e s s  o f  gases as t o o l s  f o r  t h e o r e t i c a l  
s t u d i e s  on th e  l i q u i d  s t a t e .  By means o f  t h e s e ,  t h e  i n t e r m o l e c u l a r  
f o r c e s  w i t h i n  n o n - p o l a r  l i q u i d s  have been i n v e s t i g a t e d  w i t h  some 
su ccess .  P o la r  l i q u i d s ,  however ,  and p a r t i c u l a r l y  w a t e r ,  have 
p re s e n te d  a more i n t r a c t a b l e  p rob le m .  T h i s  i s  a l l  t he  more 
i n t r i g u i n g  and c h a l l e n g i n g  when t h e  u b i q u i t y  o f  w a t e r  i s  r e c o g n i s e d ,  
a long  w i t h  i t s  impac t  on m a r in e  and b i o c h e m i s t r y ,  and w i t h  i t s  
i n t r i n s i c  t h e o r e t i c a l  and s t r u c t u r a l  i n t e r e s t .
So w h i l s t  w a t e r  has been used as a s o l v e n t  f rom p r e h i s t o r i c  t i m e s ,  
and w h i l s t  che m is ts  o f  t h e  l a s t  c e n t u r y  measured the  s o l u b i l i t y  o f  
gases i n  i t ,  y e t  in  i t s  t h e o r e t i c a l  aspec ts  i t  s t i l l  lags behind  
much les s  common l i q u i d s ,  w h ic h  o f  cou rse  possess much s i m p l e r  
m o l e c u l a r  s t r u c t u r e s ,  and more e a s i l y  d e s c r i b e d  m o l e c u l a r  
i n t e r a c t i o n s  in  t h e  l i q u i d  s t a t e .
(b) Gaseous s o l u t e s
The s i m p l e s t  gaseous s o l u t e s  a r e  the  n o b le  gases .  The f i r s t  
c om p le te  i n v e s t i g a t i o n  o f  t he  s o l u b i l i t y  o f  th ese  gases in  w a t e r ,  
ov e r  s u b s t a n t i a l l y  t he  who le  o f  th e  l i q u i d  range o f  w a t e r ,  was 
c a r r i e d  o u t  by M o r r i s o n  and Johnstone® u s in g  th e  f l o w i n g  f i l m  
t e c h n i q u e .  T h e i r  r e s u l t s  c o n f i r m e d  and ex tended th ose  o f  Lannung® 
(who a l s o  measured t h e  s o l u b i l i t y  o f  these  gases in s i x  o r g a n i c  
s o l v e n t s ) .  S ince  then r e s u l t s  have been p u b l i s h e d  by some o t h e r
workers,  but  most ly  f o r  argon over a s h o r te r  temperature range;  
these data a re  1-2% h ig h e r ,  and were summarised in a paper by 
Smith et al\  ^ In 1968.
Morr ison and others^^” ®^ a ls o  measured the s o l u b i l i t i e s  o f  o ther  
gases in water  and in aqueous so lu t io n s  of  e l e c t r o l y t e s  to  study  
the " s a l t i n g - o u t "  e f f e c t ,  whereby the s o l u b i l i t y  of  a gas in 
water  is n o t ic e a b ly  decreased by the a d d i t io n  of  a s a l t .
Hydrogen, n i t r o g e n ,  oxygen, carbon d io x id e ,  methane, ethane,  
propane, n -butane,  e t h y le n e ,  carbon t e t r a f l u o r i d e ,  and sulphur  
h e x a f lu o r id e  were each used as s o lu t e ,  and some trends in t h e i r  
s a l t i n g - o u t  were not iced  w i t h  a v a r i e t y  of  s a l t s .  I t  was found 
po ss ib le  to f i t  the s o l u b i l i t y  data to an em p ir ica l  equat ion  
proposed by V a l e n t i n e r ^ ^ ,  o f  the type
log s = -  a + b /T  + c log T
where s = volume o f  gas a t  S .T .P .  dissolved by 1 kg o f  s o lv e n t ,
T s= temperature,
and a,  b, and c are  constants which are fu nc t io ns  of  the systems 
in q ues t io n .  They are  in f a c t  d i r e c t l y  r e la t e d  to the thermo­
dynamic fu nc t ions  of  the e q u i l i b r i u m ,  v i z .  p a r t i a l  molal en t ro p y ,  
en thalpy  and heat  c ap a c i ty  changes. (See Appendix I . )  The 
r e l a t i v e  magnitudes o f  these parameters were q u a l i t a t i v e l y  
r e la t e d  to some c u r r e n t  th e o r ie s  o f  s o l u b i l i t y  mechanisms.
(c)  Solvent  mixtures
Ben Naim and coworkers have studied  the e f f e c t  o f  the a d d i t io n  of  
both e l e c t r o l y t e s  and n o n - e l e c t r o l y t e s  on the s o l u b i l i t y  o f  argon 
in water ï® "!®  They i n t e r p r e t  t h e i r  r e s u l t s  in terms o f  a two-
s t r u c t u r e  model f o r  l i q u i d  w a te r .  This is b r i e f l y  t h a t  the
e q u i l i b r i u m  between an o rd e r e d  ( " i c e b e r g " )  and a d i s o r d e r e d  
(more dense)  fo rm  o f  t he  f l u i d  is  s h i f t e d  in  t h e  presence  o f  
s o l u t e  m o le c u le s .
Using some s i m p l e  s a l t s  such as the  a l k a l i  me ta l  h a l i d e s ^ ?  th ey  
o b t a i n e d  r e s u l t s  s i m i l a r  t o  th ose  of. M o r r i s o n  and J o hns to n e .
T h e i r  r e s u l t s  w i t h  t e t r a a l k y l  ammonium s a l t s ^ ®  a re  a l s o  s i m i l a r ,  
a l t h o u g h  o f  lower  a c c u r a c y ,  and cove r  a s m a l l e r  te m p e ra tu re  
range .
Aqueous s o l u t i o n s  o f  n o n - e l e c t r o l y t e s  have been s t u d i e d  by them 
in  more d e t a i l .  R e s u l t s  have been r e p o r t e d  and ana ly se d  f o r  th e  
aqueous m e t h a n o l e t h a n o l ^ ®  e t h y l e n e  g l y c o l ^ ^  and p - d i o x a n ^ ^  
system s.  The e f f e c t  on th e  s o l u b i l i t y  o f  argon  o f  i n c r e a s i n g  
th e  mole f r a c t i o n  o f  t h e  o r g a n i c  components o f  th e  s o l v e n t  is  
i n t e r p r e t e d  in  terms o f  m o d i f i c a t i o n s  t o  t h e  s t r u c t u r e  o f  w a te r  
induced by bo th  the  gas and the  n o n - e l e c t r o l y t e :  in  these
t e r n a r y  sy s tems ,  one component can be used as a p robe  t o  m o n i t o r  
th e  e f f e c t  o f  t h e  o t h e r .  T h i s  has been the  b a s i s  f o r  s e v e ra l  
t h e o r e t i c a l  s t u d i e s  on w a t e r  s t r u c t u r e ^ ®  such as a re  d e s c r i b e d  
by Ben Naim in  r e c e n t  rev iew s  in t e x t  books on Water?^»^®
At  c e r t a i n  p o i n t s  t h i s  approach leads  t o  c o n c l u s i o n s  s i m i l a r  t o  
th ose  reached by Franks et ai. who have s t u d i e d  some p h y s i c a l  
p r o p e r t i e s  o f  aqueous a l c o h o l  m ix tu re s ^ ®  u s in g  the  p ro p a n o l s  and 
t - b u t a n o l  as w e l l  as methanol  and e t h a n o l .  These have in c lu d e d  
th e  a l t e r a t i o n  o f  t h e  s u r f a c e  t e n s io n ^ ?  and o f  t h e  te m p e r a t u r e  o f  
maximum d e n s i t y ^ ®  o f  w a t e r  by t he  a d d i t i o n  o f  sm a l l  q u a n t i t i e s  o f  
th ese  a l c o h o l s .  The e n t h a l p y  and e n t r o p y  changes on m i x i n g  a l s o  
lend s u p p o r t  t o  t h e  same k in d  o f  m i x t u r e  mode l :  t he  more d i l u t e
s o l u t i o n s  o f  t h e  a l c o h o l s  a r e  a ga in  most a d e q u a te l y  e x p l a i n e d ? ^
Other work on the s o l u b i l i t y  of  gases in aqueous n o n - e l e c t r o l y t e  
so lu t io ns  is more f ragmentary .  At the one temperature o f  30®C, 
the s o l u b i l i t y  of  oxygen over the f u l l  range o f  concentra t io ns  
o f  aqueous methanol,  e t h a n o l ,  1- and 2-propano ls ,  1 -b u tan o l ,  
e th y len e  g l y c o l ,  and g ly c e ro l  has been measured?® Even more 
l im i t e d  r e s u l t s  have been repor ted on the s o l u b i l i t y  o f  n i t rogen  
and oxygen®! and of  carbon dioxide®^ in aqueous e t h a n o l ,  and of  
oxygen in aqueous methanol?®
(d) O b ject ives  of  the present  in v e s t i g a t i o n
Argon is the only gas which has been used as s o lu te  in most oth er  
studies of  s t r u c t u r a l  m o d i f ic a t io n s  of  water  by c e r t a i n  non­
e l e c t r o l y t e s ,  and a t  temperatures of  5”25°C,  F a i r l y  d e t a i l e d  
the o r ie s  have been b u i l t  upon t h i s  ra th e r  l i m i t e d  range of  
ev idence,  and t h i s  suggested the f o l lo w in g  l in e s  o f  i n v e s t i g a t i o n .
( i )  I t  seemed d e s i r a b l e  to  f in d  out whether the gas argon was 
unique or t y p ic a l  in i t s  behaviour,  and I f  in f a c t  i t  was 
the most s e n s i t i v e  probe to use in these s t r u c t u r a l  
i n v e s t i g a t i o n s .  Thus gases of f a i r l y  d i v e rs e  c h a r a c t e r i s t i c s  
were chosen as s o lu t e s ,  v i z .
(a) helium and argon, both noble gases but  whose atom sizes  
are  d i f f e r e n t ,  i . e .  190 pm and 288 pm r e s p e c t i v e ly  in
d ia m e te r ;
(b) hydrogen and oxygen, which may have some e l e c t r o n i c  
i n t e r a c t i o n  w i th  w a t e r ,  and whose molecules are  both 
dia tomic  ye t  compare in s i z e  wi th  the atoms o f  helium 
and argon r e s p e c t i v e l y ,  i . e .  240 pm and 298 pm f o r  
t h e i r  re s p e c t iv e  molecular  d iameters;
(c) carbon d io x id e ,  which does have a d e f i n i t e  in t e r a c t i o n  
w ith  water  both p h y s ic a l l y  and ch em ica l ly :  i t s
molecu lar  diameter  is 334 pm. ( A l l  values from 
v i s c o s i t y  determinat ions?^)
A comparison of  how each o f  these gases d isso lves  in a 
given aqueous m ix ture  was t h e r e f o r e  undertaken.  The data  
w i l l  be useful  f o r  the e v a lu a t io n  o f  th e o r ie s  of aqueous 
s o lu t ions  which may y e t  be proposed, as pointed out by 
Ben Naim!® and in t h e i r  own r i g h t  are v a lu a b le  in opening 
up h i t h e r t o  unexplored regions of  i n t e r e s t .
( i i )  The temperature range was extended to cover 5 -60°C ,  in
order  to increase the r e l i a b i l i t y  of  some of  the thermo­
dynamic d a ta ,  and to extend I t s  a p p l i c a b i l i t y .
( i i l )  Aqueous ethanol  and aqueous t -b u ta n o l  were chosen as 
so lv e n ts .  Some aspects of  the so lvent  p r o p e r t ie s  of  
aqueous ethanol  have a l rea d y  been rep o r te d ,  and i t  may be 
regarded ( r a t h e r  than methanol)  as a " t y p i c a l "  a lc o h o l .
No work on t -b u ta n o l  however has been repor ted in t h is  
f i e l d .  I t  is the h ig hest  a lcohol  which is completely  
m i s c ib l e  w i th  water  in a l l  p ro p o r t io n s ,  i t  has a much 
b u l k i e r  a lk y l  group than e t h a n o l ,  and i t s  marked in f lu en ce  
on water  as s o lv en t  a t  c e r t a i n  low concentra t ions  has 
a l read y  been noticed?® In f a c t ,  A rn e t t  says,  " I f  we wish 
to a m pl i fy  the  extrema behaviour of  a l c o h o l i c  b i n a r i e s ,  we 
w i l l  use t - b u t y l  a lcohol  as one of  the components."®®
A comparison was made o f  how each alcohol  changed the 
s o l u b i l i t y  in water  of  a given gas.
This work has im p l ic a t io n s  in b io lo g ic a l  and medical f i e l d s  of
cu r re n t  i n t e r e s t .  The understanding of  aqueous p r o t e in  s o l u t io n s ,
and of  the conformational  s t a b i l i t y  of  nuc le ic  a c id s ,  has been
aided by stud ies on so lu t io n s  o f  nonpolar  and mixed s o lu t e s ,  using
the concept of  hydrophobic bonding?^’ ^^ A theory o f  the mechanism
39of anaes thes ia ,  due to  Pau l ing ,  depends on a s o lu t e - o r d e r i n g  
e f f e c t  produced in nerve t i s s u e  by the an a e s th e t ic  molecule.
Thus some ideas about the normal and abnormal fu n c t io n in g  of  
phys io lo g ic a l  and biochemical processes might be o b t a in a b le  from 
t h i s  kind of  i n v e s t i g a t i o n .
CHAPTER 2 EXPERIMENTAL TECHNIQUES
1. HISTORICAL
A comprehensive review by Markham and Kobe^® in 1941 descr ibes in 
d e t a i l  what might be termed the more h i s t o r i c a l  techniques of  
s o l u b i l i t y  measurement, w h i l s t  a review by B a t t i n o  and Clever® in 
1966 descr ibes  techniques capable o f  g r e a t e r  accuracy.
(a) E a r l y  methods
( i )  Henry! Bunsen*?^ and Ostwald^^ to mention some of  the notab le  
c o n t r i b u t o r s  to  t h i s  f i e l d  in the n ine teenth  ce n tu ry ,  each 
used m o d i f ic a t io n s  of  the same technique,  v i z .  the measure­
ment of  the volume of  a gas before and a f t e r  i t  had been 
brought in contact  w i th  a given q u a n t i t y  o f  gas f r e e  
s o lv e n t .  The gas was u s u a l ly  mixed w i th  the so lv ent  by 
shaking,  and var ious  means were used to  in troduce  the gas 
and measure i t s  volume.
Ostwald introduced the most s i g n i f i c a n t  improvement by 
connect ing to the absorp t ion  vessel  a b u r e t t e  to measure 
the gas volume, instead o f  using the vessel i t s e l f  f o r  
t h i s .  This apparatus was in turn  modif ied  by in t roducing  
var ious types of  f l e x i b l e  j o i n t s ,  al though Lannung® in 
1930 assembled a l l  parts of  the apparatus on one r i g i d  
frame to be shaken u n t i l  e q u i l ib r i u m  was reached.
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( i i )  A d i f f e r e n t  t e c h n i q u e  i n v o l v e d  th e  measurement o f  t he
volume o f  gas e x t r a c t e d  f rom a g i v e n  volume o f  s a t u r a t e d  
s o l v e n t .  T h i s  was used most f r e q u e n t l y  f o r  t he  a n a l y s i s  
o f  n a t u r a l l y  o c c u r r i n g  s o l u t i o n s ,  e . g .  sea w a t e r  and 
b lo o d .  The gas was e x t r a c t e d  by b o i l i n g  o r  by pumping 
accompanied by a g i t a t i o n .  The appa ra tu s  o f  Van Slyke^® 
s t i l l  in  use in  many b io c h e m ic a l  l a b o r a t o r i e s ,  i s  a good 
example o f  t h i s .
( I i ! )  Chemical  methods were used f o r  some few gases ,  e . g .  oxygen ,  
c h l o r i n e ,  hydrogen c h l o r i d e ,  ammonia, and s u l p h u r  d i o x i d e ,  
where 11 t r i m e t r i c  a n a l y s i s  cou ld  be a p p l i e d  w i t h  r e a s o n a b le  
a c c u r a c y .
(b) Sources o f  e r r o r
From the  t e c h n i c a l  v i e w p o i n t ,  t h e  o r i g i n a l  Ostwald  t y pe  o f  
appa ra tu s  may have g i v e n  r i s e  t o  e r r o r s  due t o  d i f f i c u l t i e s  o f  
c o n s t r u c t i o n .  For  example the  gas m ig h t  be i n  c o n t a c t  w i t h  
f l e x i b l e  c o n n e c t i o n s  (which m ig h t  l e a k ) ,  the  c o n t r o l  o f  p r e s s u r e  
and te m p e r a tu r e  m ig h t  n o t  be a d e q u a t e l y  s e n s i t i v e ,  the  s hak ing  
o f  a l a r g e  ap pa ra tu s  is  d i f f i c u l t ,  and th e  presence  o f  m ercu ry  
i s  u n d e s i r a b l e  w i t h  c e r t a i n  gases .  A g a in ,  many e r r o r s  were 
a lm o s t  c e r t a i n l y  due t o  i m p u r i t y  o f  m a t e r i a l s ,  i n c l u d i n g  the  
use o f  s o l v e n t  wh ich  was n o t  c o m p l e t e l y  gas f r e e .
The main sou rce  o f  e r r o r ,  however ,  was f a i l u r e  t o  a t t a i n  
e q u i l i b r i u m ,  e i t h e r  by u n s a t u r a t i o n  o f  t h e  s o l v e n t  due t o  
i n c o m p le te  m i x i n g ,  o r  by i t s  s u p e r s a t u r a t i o n  caused by too  
v i g o r o u s  s h a k in g ^ ^  and excess p r e s s u r e  due t o  a h y d r o s t a t i c  
head i n t he  1 iqu Id^®
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U n c e r t a i n t y  a l s o  e x i s t s  abou t  th e  a l l o w a nc e s  t o  be made f o r  
s o l v e n t  vapour  w h ic h  w i l l  i n c r e a s e  the  volume o f  d r y  gas 
i n t r o d u c e d ,  o r ,  i f  t he  gas i s  p r e s a t u r a t e d  w i t h  s o l v e n t  v a p o u r ,  
s o l v e n t  may condense in  c o o l e r  p a r t s  o f  t h e  a p p a ra tu s  r e n d e r i n g  
p r e s s u r e  c o n t r o l  d i f f i c u l t ,  and p rod u c in g  a change i n  gas 
c o m p o s i t i o n .  These p o i n t s  were d i s c u s s e d  by H o r i u t i ^ ®
2. MODERN TECHNIQUES
(a) S p ec ia l  methods
Mass s p e c t r o m e t r y  and gas ch romatography  have been used s u c c e s s ­
f u l l y  t o  measure the  s o l u b i l i t y  o f  c e r t a i n  gases i n  c e r t a i n  
s o l v e n t s .  The fo r m e r  method has p a r t i c u l a r  r e l e v a n c e  t o  
i s o t o p e  e f f e c t s ^ ^  w h i l s t  the  l a t t e r  has been a p p l i e d  b e s t  t o  t he  
d e t e r m i n a t i o n  o f  th e  s o l u b i l i t i e s  o f  h y d roc a rbo n s^^
S p e c i a l i s e d  te c h n iq u e s  have been a p p l i e d  t o  wo rk  a t  h ig h  p re s s u r e ^ ^  
and h ig h  and low t e m p e r a tu r e s ,  e . g .  s o l u b i l i t i e s  o f  gases in  
m o l te n  s a l t s ? ®  and in  l i q u i d  hyd rogen? !
(b)  Batch methods
Severa l  modern v e r s i o n s  o f  t he  Ostwald t e c h n i q u e ,  c apa b le  o f  a 
v e r y  good p r e c i s i o n ,  have been used r e c e n t l y ,  now t h a t  a f u l l  
a p p r a i s a l  has been made o f  t h e  f a c t o r s  a f f e c t i n g  a c c u r a c y .  More 
th o ro ugh  degass in g  o f  the  s o l v e n t  Is s ta n d a rd  p r o c e d u r e ,  c l o s e r  
c o n t r o l  ove r  v a r i a b l e s  is  e x e r c i s e d ,  and shak ing  has l a r g e l y  been 
re p la c e d  by m agn e t i c  s t i r r i n g  o r  e l e c t r i c a l  pumping. 
C o r r e s p o n d in g l y  th e  app a ra tu s  has become more complex and 
expens i ve .
12
E q u i l i b r a t i o n  by s t i r r i n g  has been used by Burrows and Preece
52( 1953) to  determine the s o l u b i l i t y  of  helium in o i l s ;  by
Friedman (1954) f o r  sulphur h e x a f lu o r id e  in water  and n i t r o -
5 3methane; by Ben Naim (1963) f o r  his work on argon in so lvent
*5 *+mixtures  a lready  r e f e r r e d  to in chapter  one; and by Smith 
et al, ( 1968) who developed t h e i r  apparatus s p e c i a l l y  f o r  the  
f l u o r i n a t e d  gases which are  very  in s o lu b le  in water?^
Shaking o r  r o c k i n g  by m echan ica l  means has been p r e f e r r e d  by Cook 
and Hanson (1954)  whose a p p a r a tu s ^ ^  has been recommended f o r  i t s  
c a p a b i l i t y  o f  t h e  h ig h  p r e c i s i o n  o f  0.05%. I t  was a l s o  used by 
H i l d e b r a n d  and Reeves^® ( 1 9 5 7 ) > by K l o t s  and Benson (1963) f o r  
wo rk  on sea w a t e r  as s o l v e n t  when 48 hours  was a l l o w e d  f o r  
e q u i l i b r a t i o n ? ^  and by Scho lander^® (1947) and Douglas^® (1965)  
whose methods a re  on the  m i c r o  s c a l e .
Pumping, r e c y c l i n g ,  and f l o w  o f  a l i q u i d  f i l m  a r e  a l l  i n c o r p o r a t e d  
by H i l d e b r a n d  and Dymond (1967)  i n  t h e i r  method f o r  m easur ing the  
s o l u b i l i t y  o f  t he  nob le  gases i n  cyc lohexane?®
(c)  Flow methods
The o r i g i n a l  app a ra tu s  e m p loy ing  the  f l o w  o f  a t h i n  f i l m  o f  s o l v e n t  
down th e  w a l l s  o f  a tube e n c l o s i n g  a g i v e n  vo lume o f  gas was 
d e s c r i b e d  in  1948 by M o r r i s o n  and B i l l e t t ?  I t  has been m o d i f i e d  
i n  some re s p e c ts  by M o r r i s o n  (see r e f e r e n c e  12) and a l s o  by t h e  
a u t h o r ,  and w i l l  be d e s c r i b e d  in  d e t a i l  i n  t h e  f o l l o w i n g  s e c t i o n .
A l s o ,  however ,  C le v e r  and c o - w o r k e r s ? !  and S a y l o r  and B a t t i n o ® ^  in  
1957- 5 8 , and Koenig®® in  1963» have used t h i s  method ( w i t h  t h e i r
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own minor m o d i f i c a t i o n s ) ,  to measure, f o r  example, the s o l u b i l i t y  
of  noble gases in hydrocarbon so lven ts .
3.  THE FLOWING FILM TECHNIQUE
(a) Accu racy o f  s o l u b i l i t y  measurements
In the design and o p era t io n  o f  the apparatus to  be d es cr ib ed ,  the  
fo l lo w in g  are  the main f a c t o r s  to be c o n t r o l l e d .
( i ) Equ'ttihvgtion of gas with sotvent
The u n ique  f e a t u r e  o f  t h i s  t e c h n iq u e  i s  t he  manner in  w h ic h  
e q u i l i b r i u m  is  ach ie ved  between the  gas and i t s  s o l v e n t ,
i . e .  by a t h i n  f l o w i n g  f i l m  o f  l i q u i d  w h ich  i s  capa b le  o f  
r a p i d l y  d i s s o l v i n g  th e  gas w i t h  w h ich  i t  i s  i n  c o n t a c t .
The o r i g i n a l  apparatus is shown in Figure 1. A volume of  
gas,  sa tu ra ted  w i th  so lvent  vapour a t  the temperature of  
the exper iment,  is enclosed in an absorpt ion  tube which 
a ls o  acts as a gas b u r e t t e .  In to  t h i s  is run dropwise from 
)(_ a slow and steady stream of  so lvent  whose mass can be 
measured as i t  drops from Y_, and recorded a g a in s t  the 
simultaneous change in gas volume. ^  is a l e v e l l i n g  tube 
to  m a in ta in  pressure cont ro l  on the gas.
So t h a t  e q u i l i b r i u m  is reached,  however, the so lv ent  f i l m  
must be s t a b l e ,  f r e e  from tu rb u len ce ,  and expose adequate  
surface  a re a .  S t a b i l i t y  of  the f i l m  is ensured by using  
clean glass surfaces (steeped in "Decon" and thoroughly  
r i n s e d  w ith  d i s t i l l e d  w a t e r ) ,  and a drop r a t e  high enough 






Figure 1 ; SIMPLE GAS ABSORPTION BURETTE
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so lven t  per ho u r ) .  Conversely the f i l m  becomes t u r b u le n t  
and i n e f f i c i e n t  a t  f low  rates  which are too h ig h ,  and not 
more than 100 g per hour is normal ly  used. The e f f e c t i v e  
area o f  the f i l m  depends on the tube dimensions,  but main ly  
on i t s  length  which should be about 600 mm. The in s id e  
diameter  is normal ly  8-10 mm, although in one modif ied  
design o f  the apparatus th is  was increased to 17 mm. With  
la r g e r  d iam eters ,  i t  is d i f f i c u l t  to ensure t h a t  the f i l m  
covers the whole ci rcumference of  the tube.
These po in ts  became c l e a r  a f t e r  an at tempt  was made to  
reduce the apparatus by a f a c t o r  o f  10 to semi-micro  s c a le .  
Absorpt ion tubes about 150 mm long and of  diameters up to  
20 mm were used, empty and w i th  var ious kinds o f  packing  
( c a p i l l a r y  tubes,  beads, and h e l ic e s  o f  g l a s s ) .  None of  
them, even a t  low f lo w  r a t e s ,  gave more than 90% s a t u r a t io n  
as tes ted  on standard systems. Subsequently using a column 
o f  v a r i a b l e  le ngth ,  i t  was found th a t  t h is  parameter should 
be a t  l e a s t  500 mm, even w i th  a s p i r a l  on top.  I t  is 
thought t h a t  the fu n c t io n  of  the s p i r a l  is to impart  a 
sw ir l  and spread to the f i l m  as i t  en ters the v e r t i c a l  tube,  
ra th e r  than ach ieve much s o lu t io n  o f  the gas.
( i i ) Measurement of solvent mass and gas voVime
There is no d i f f i c u l t y  in measuring the mass o f  so lvent  
which c o l l e c t s  from the bottom of  the absorpt ion  tube. A 
t o t a l  mass of  200-700  g (depending on the gas s o l u b i l i t y )
Is c o l l e c t e d ,  and using a top-pan balance an accuracy of  
Ï 0 . 5  g is e a s i l y  o b t a in a b le .
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The volume of  gas d isso lved  is obtained from measurement of  
the volume of  gas l e f t  in the apparatus,  which is o f  the  
order of  100 cm^. B u re t te  readings are recorded to  ± 0 .0 2  cm^. 
The accuracy of  the volume measured, however, depends on the  
control  o f  temperature and pressure .
Temperature is c o n t r o l l e d  to  ± 0 .0 5  K by the use of  a 
thermos t a t t e d  water  ba th .  This control  is a ls o  e s s e n t i a l  
because of  the temperature c o e f f i c i e n t s  o f  the s o l u b i l i t y  of  
the gas,  and of  the vapour pressure of  the  so lv en t  which 
s a tu r a te s  the gas.
Pressure is c o n t r o l l e d  ( a t  about 1 atmosphere) by op era t in g  
a manometer arrangement a t  the gas r e s e r v o i r .  Up to  7 hours 
may be taken to complete a de te rm inat ion  of  s o l u b i l i t y .
During t h is  p e r io d ,  the barometr ic  pressure must be observed 
(a barograph was found u s e fu l )  and any changes compensated 
f o r  by r a i s i n g  or lowering the manometer. A v a r i a t i o n  in 
pressure of  only 1 mmHg gives an e r r o r  in the volume of  
80 cm  ^ o f  about 0.1 cm^. The volume o f  gas d isso lved  is 
u s u a l ly  5-25  cm3, so f o r  low s o l u b i l i t i e s  e s p e c i a l l y ,  th is  
pressure contro l  is very important .  The t o t a l  pressure of  
the gas in the apparatus over the per iod o f  the experiment  
must t h e r e f o r e  be kept constant ,  a l though I t s  magnitude need 
not be recorded since Henry's law is obeyed w i t h i n  the l i m i t s  
of the experimental  co n d i t io n s .
( i l i )  Preparation of gas-free solvent
The o r i g i n a l  procedure used by Bunsen was simply to b o i l  the  
s o lv e n t .  More modern methods Involve b o i l i n g  under vacuum 
w ith  the accompanying loss of  about 20% o f  the s o lv e n t .
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pumping on the f rozen  so lven t  f o r  3 cycles  o f  a t  l e a s t  an 
hour each, or spraying b o i le d  so lvent  through a f i n e  nozz le  
In to  an evacuated f la s k ^ ^  I t  seems t h a t  these methods can 
completely  degas a s o lv e n t .
Buchananf^ however, tes ted  f o r  the e x t r a c t i o n  o f  carbon 
d io x id e  from water  by d i s t i l l a t i o n ,  and found t h a t  a barium 
hydroxide t e s t  was neg a t ive  a f t e r  a q u a r t e r  o f  the d i s t i l l a t e  
had passed ov er .  Others l i k e  Leduc^S found t h a t  b o i led  
d i s t i l l e d  water  s t i l l  gave up gas bubbles on f r e e z i n g ,  and 
successive f r e e z i n g  in vacuo did not comple te ly  f r e e  i t  from 
ga s .
Our apparatus uses an adap ta t io n  of  the o r i g i n a l  method,  
based on the vapour-pump p r i n c i p l e .  I t  is described in 
re fe ren ce  12 and i l l u s t r a t e d  in Figure 2. Solvent  is 
thoroughly b o i led  in a glass f l a s k ,  and by the vapour pumping 
through a glass tube,  g a s - f r e e  so lvent  c o l l e c t s  in an inner  
r e s e r v o i r  from the bottom of  which i t  is syphoned o f f  in to  
the absorp t ion tube as re q u i re d .  This b o i l i n g  and pumping 
seems to remove s u b s t a n t i a l l y  a l l  of  the gas from the so lv ent  
The method commends i t s e l f  f o r  i t s  s i m p l i c i t y ,  and al though  
i t  has been c r i t i c i s e d ,  the accuracy o f  the re s u l t s  obtained  
seems to in d ic a t e  t h a t  much less than 1% o f  the gas Is l e f t  
In the s o lv e n t .
( i v) Purity of the materials
The gases hydrogen, he l ium, and argon were obtained from 
B r i t i s h  Oxygen Company c y l in d e r s  and were s ta ted  to be more 
than 99*9% pure;  oxygen from the same source was s ta ted  to  
be more than 99«5% pure.  Carbon d io x id e  was prepared by
)8
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Figure  2 : VAPOUR PUMP FOR DEGASSING SOLVENT
the a c t io n  o f  d i l u t e  hyd ro c h lo r ic  acid  on marble ch ip s ,  and 
was est imated  to  be more than 33% pure.
Deionised w a t e r ,  abso lu te  ethanol  (spectroscopic  grade f o r  
the very d i l u t e  s o l u t i o n s ) ,  and reagent  grade t -b u tan o l  
( 98% b o i ls  between 82°C and 83*C) were used In the var ious  
exper iments .  M ix tures of  water  and the a lcohol  were made 
up and t h e i r  d e n s i t i e s  measured a t  20°C. From data in 
In t e r n a t i o n a l  C r i t i c a l  Tab les ,  Vo l .  I l l  p . 112, and I I 7 - I I 8 , 
t h e i r  exact  composit ions were obta in ed .  D en s i t ie s  were 
a ls o  checked a f t e r  every  d e t e rm in a t io n ,  and any small loss 
of the more v o l a t i l e  component was made up.
(b) D esc r ip t io n  of  the apparatus used
The o r i g i n a l  apparatus was modi f ied  by Morr ison ,  as described in 
re fe rence  12, by separa t ing  the gas b u r e t t e  from the absorpt ion  
tube. This arrangement is more adaptable to  w id e ly  d i f f e r e n t  
s o l u b i l i t y  measurements, ensures a constant  length  o f  so lv ent  f i l m  
in the abso rp t ion  tube,  and al lows e a s ie r  f i l l i n g  w i th  so lvent  
on completion of  a run. Thus the tube is kept w et ,  which 
is important  f o r  repeated usage. In t h i s  form i t  was constructed  
and used by the au th o r ,  and is shown in F igure  3*
The absorpt ion  and measuring sec t io n  is mounted through a rubber  
bung in the lower end of  a t h i c k  pyrex-g lass  p ip e ,  1 m long and 
75 mm in s id e  d ia m eter .  Water a t  constant  temperature is pumped 
to the bottom of  t h i s  pipe by a "Clrcotherm" u n i t  immersed in a 
r e s e r v o i r  tank le ve l  w i th  the top of  the tube ,  whence I t  re turns  
by a syphon over f lo w  system. Water is c i r c u l a t e d  a t  a r a t e
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s u f f i c i e n t  f o r  temperature co ntro l  to  ± 0 .05  K as recorded on a 
thermometer t o t a l l y  immersed in the bath a longside the absorpt ion  
tube
Gas is stored  over b r in e  in a r e s e r v o i r  of  about  400 cm  ^ capac ity ,  
This b r in e  is p re v io u s ly  b o i le d  out  and allowed to cool In contact  
w i th  the gas which is then fed in to  the r e s e r v o i r  from the supply 
c y l i n d e r  by displacement o f  the b r i n e .
Solvent  is f i l l e d  in to  the b o i l e r  f l a s k  through a glass-wool  
f i l t e r ,  and i t  is recyc led  a f t e r  use. i t  en ters  the apparatus by 
a g r a v i t y  feed through drawn c a p i l l a r y  j e t s  c o n t r o l l e d  by taps.
The i n i t i a l  f i l l i n g  w i th  so lv en t  is c a r r ie d  out  by opening tap X^ , 
then a f t e r  the abso rp t ion  tube A_ is f u l l  and overf lows in to  the  
b u r e t t e  tap W is opened to f i l l  up tube C_. This so lvent  (w it h  
a i r  now d isso lved  in i t )  and the remaining a i r  in the apparatus  
are  swept out by a thorough f lu s h in g  w i th  the gas to be used,  
through to e x i t  taps and having closed ^  and X_. The apparatus  
is now ready f o r  use and only needs purging when the so lvent  is 
changed. I t  is f i l l e d  w i th  so lvent  by c los ing  taps ^  and and 
a l lo w in g  so lvent  to run in from ](.
A measurement of  s o l u b i l i t y  is c a r r i e d  out  as f o l l o w s .
The thermostat  pump and heater  or r e f r i g e r a t i o n  u n i t  are switched  
on so t h a t  the  temperature becomes constant  as r e q u i re d .  Solvent  
is b o i led  in the - f lask and c o l l e c t s  cont inuous ly  In the Inner  
r e s e r v o i r .
Keeping the gas near atmospheric pressure ,  the so lven t  In the  
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in to  the re ce iv in g  f l a s k  on the balance ,  I t  s te ad ie s  on a 
re fe rence  mark on sca le  At  the same t im e ,  taps ^  and are  
opened to  a l low  degassed so lv en t  to en te r  the tubes ,  drop by 
drop a t  a f i x e d  r a t e .  From ^  i t  f lows down the abso rp t ion  tube
in a thFn f i l m  before  passing over in to  the weighing f l a s k .
From ^  i t  funs down the l e v e l l i n g  tube C_where i t  a lso  becomes 
satu ra ted  w i th  gas a t  the temperature of  the exper iment,  and 
c o l l e c t s  In the bottom o f  the  b u r e t t e  and l e v e l l i n g  tube.  In 
t h i s  way i t  seals o f f  In to  the b u r e t t e  and absorpt ion  tube a
volume o f  gas a l re a d y  sa tu ra ted  w i t h  so lvent  vapour.  This is the
volume which changes as the gas is d iss o lved ,  so t h a t  the drop 
r a t e  from ^  is ad justed  to  keep the same l i q u id  leve l  In tubes ^  
and 2*  ensuring constant  pressure of  the gas in the apparatus.
As the gas d isso lv es  the s o lven t  leve l  r i s es  in the b u r e t t e .  
Simultaneous readings are taken on the ba lance,  the zero  re fe ren ce  
sc a le ,  and the b u r e t t e ,  and are repeated a t  f a i r l y  reg u la r  
i n t e r v a l s  throughout a per iod of  about 5 hours,  or  u n t i l  enough 
gas has been d is s o lv e d .  Pressure f l u c t u a t i o n s  and compensations 
cause the zero re fe ren ce  mark to change, e . g .  i f  the barometer  
shows a pressure drop of  I'mmHg, the gas r e s e r v o i r  s ide arm is 
manual ly raised by 12 mm (s in ce  the d e n s i t i e s  o f  mercury and 
b r in e  are in the r a t i o  of  1 3 . 6 : 1 . 1 ) ,  and the zero mark f a l l s  by 
about 14 mm. When th is  occurs,  a c o r r e c t io n  has to  be appl ied  
in to  the c a l c u l a t i o n  of  the changes in gas volume and so lvent  
mass : see the data c o l l e c t i o n  sheet  in Appendix 11.
The most convenient  t reatment o f  the re s u l ts  is p l o t t i n g  a graph 
of  the volume of  gas d isso lved  aga inst  the simultaneous mass of  
so lven t  c o l l e c t e d .  Drawing the best  s t r a i g h t  l i n e  through these
î±±
FilGURE: 4 Experimental p l o t  of  s o l u b i l i t y  of  a gas in- i t s  so lvent
Solvent : Aqueous ethanol^ . . .
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Temperature : 59*6°C = 332.7 K 
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points  (about  15) helps to smooth out experimental  e r r o r s  (most ly  
due to pressure f l u c t u a t i o n s )  as shown in Figure 4. The slope o f  
t h is  l i n e  gives the s o l u b i l i t y  o f  the gas a t  the temperature of  
the de te rm in a t io n  w i t h  an accuracy o f  ±0.1 cm  ^ In the volume of  
gas d is so lve d .  Another b e n e f i t  of  t h is  grap hica l  t rea tm ent  is 
t h a t  any c urva tu re  o f  the l i n e  in d ic a tes  im p u r i t ie s  in the gas or  
s o lv e n t ,  and th is  can be r e c t i f i e d .
G enera l ly  i t  may be observed t h a t  the longer a run Î s , the more 
r e l i a b l e  are the r e s u l t s .  I t  was found, however, t h a t  f o r  most 
systems enough gas had d isso lved  in about 5 hours. For the very  
in so lu b le  gases,  t h is  t ime could e a s i l y  be extended,
(c) M o d i f ic a t io n s  to the apparatus
For maximum r e l i a b i l i t y .  I t  is important  th a t  a slow and steady 
f low of  so lvent  is maintained in the absorpt ion tube throughout  
the per iod  of  the measurement. This was d i f f i c u l t  to  contro l  by 
standard glass taps,  so th a t  these were f i r s t  of  a l l  replaced by 
s t a i n l e s s - s t e e l  needle v a lv e s .  The contro l  of  the f lo w  r a t e  was 
b e t t e r ,  but i t  tended to slow down over the per iod o f  a run,  
probably due to dust  p a r t i c l e s  c o l l e c t i n g  a t  r e s t r i c t i o n s .
Rather than int roduce e la b o r a t e  f i l t e r s  which themselves would 
clog up and h inder the passage o f  s o lv e n t ,  i t  was decided to  
rep lace  va lv e  ^  by a pump.
The pump used was by Watson-Marlow, shown in Figure  5* I t  has a 
v a r i a b l e  speed and gives a constant  f low r a t e  f o r  long periods of  
t ime.  A f l e x i b l e  tube,  l a id  across a curved an v i l  P^ , is squeezed 
by an advancing r o l l e r  so t h a t  i t s  contents a re  pushed forward a t  
a steady r a t e .  I f  the bore of  the tube is too l a r g e ,  a p e r i s t a l t i c
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F igure  5 : WATSON-MARLOW PUMP
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f low  r e s u l t s .  This was a disadvantage since  the absorpt ion  f i l m  
has to be fed s t e a d i l y .  By reducing the bore to  0 . 8  mm, the  
drop r a t e  of  so lv ent  was found to be s a t i s f a c t o r y  and constant .
The f l e x i b l e  tubing m a t e r ia l  is c r i t i c a l .  S i l i c o n e  rubber was 
t r i e d  f i r s t ,  but  r e s u l t s  were not rep ro d u c ib le .  This was due to 
the p e r m e a b i l i t y  o f  s i l i c o n e  rubber to gases o f  the atmosphere 
which were contaminat ing the so lve n t  as i t  passed through t h is  
tube.  Separate t e s ts  conf irmed t h i s ,  but a ls o  showed t h a t  butyl  
rubber and neoprene tubing were s a t i s f a c t o r y .  Both of  these  
m a t e r ia l s  have been used. ( i n  the gas feed system P.V .C .  tubing  
was also  used a t  one t ime to make the co n s t ru c t io n  e a s i e r ,  but 
r e s u l t s  were again u n r e l i a b l e .  Glass had to be used throughout  
since  e s p e c i a l l y  the noble gases can p e n e t ra te  p l a s t i c  and most 
rubber t u b in g . )
A f t e r  some cons id erab le  experience  had been gained in the 
m anipula t ion  o f  the appara tu s ,  i t  was r e a l i s e d  t h a t  the output  
of  r e s u l t s  could be doubled by adding a second se t  of  s o l u b i l i t y  
tubes.
The same thermostat  r e s e r v o i r  and pump were used to supply a 
second glass pipe (a longs ide  the f i r s t )  con ta in in g  the o ther  
s o l u b i l i t y  s e c t io n .  The same so lv en t  system fed a second piece  
of  tubing l a i d  across the a n v i l  P_ and a second co n t ro l  va lv e  
to  en te r  the o ther  se t  o f  tubes. D i f f e r e n t  gases were then led 
In to each s e c t io n ,  so t h a t  dur ing a s in g le  p e r io d ,  measurement 
could be obtained of  the s o l u b i l i t y  of  the two gases in the same 
so lvent  a t  the same temperature.  See Figure 6 f o r  a block  







Figure 6 : ARRANGEMENT FOR DOUBLE SET OF ABSORPTION TUBES
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on helium and hydrogen. (The gases should have s o l u b i l i t i e s  which 
are  not too d i f f e r e n t ,  so t h a t  about the same t ime is required  f o r  
a measurement on each.)  See a lso  Appendix VI f o r  a photograph.
The second se t  o f  absorpt ion  tubes was constructed w i th  another  
m o d i f i c a t io n  which al lows even b e t t e r  f i l l i n g  o f  the tubes a f t e r  a 
run,  and a lso  prevents the scouring out  of  the grad uat ions on the  
b u r e t t e  due to the constant  f lo w  of  water  in the th ermosta t .  This  
is shown in Figure 7* The b u r e t t e  was mounted In the c e n t re  o f  a 
wider abso rp t ion  tube (17 mm d i a m e t e r ) ,  and l e f t  open a t  the top 
so t h a t  a l l  the gas is d isp laced  upwards a t  the end o f  a run,  
through tap ^  which is o f  course closed during the d e te rm in a t io n .  
The volume of  gas w i t h i n  the measuring sect ion  can a lso  be sm a l le r  
w i t h  t h is  arrangement,  so t h a t  the e f f e c t  of  pressure f l u c t u a t i o n s  
is minimised.
(d) Advantages of  t h is  technique
The method used is capable of  measuring the s o l u b i l i t y  of  gases in 
a l a r g e ' v a r i e t y  of  l i q u i d s ,  over  a wide temperature range,  and 
around atmospheric pressure.  I t  is a useful  a l t e r n a t i v e  to the  
batch method, and o f f e r s  the f o l lo w in g  advantages:
( i )  The apparatus can be constructed f a i r l y  e a s i l y  and i t  is not  
expens ive .
( i i )  I t  can be operated w i th o u t  cont inuous s u p e r v is io n ,  r e q u i r in g  
only  the p e r io d i c  record ing of  readings which are simple to  
make.
( i i i )  There is no p o ss ib le  su p ers a tu ra t io n  of  so lvent  by gas,  and 







Figure 7 : CONCENTRIC ABSORPTION TUBE AND GAS BURETTE
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( i v )  Gas composit ion does not a l t e r  during a run since  so lvent
vapour pressure is constant  throughout,  and t h e re  is no
exper imenta l  d i f f i c u l t y  In br ing ing  gas and so lven t  together
i n i t i a l l y .
(v) The r e s u l t s  are rep ro d u c ib le  w i t h i n  0.5%, and r e l i a b i l i t y
increases w i th  the number of  readings taken and the t ime  
taken f o r  a run. I t  has been pointed out^O t h a t  the  
r e s u l t s  seem to  be about 1-2% lower than some others  on 
the same systems. This might  be due to  incomplete r igo u r  
in degassing the s o lv e n t ,  and/or  some very slow s o l u b i l i t y  
of  the l a s t  t races  of  gas. N ever the le ss ,  the method of  use 
o f  the re s u l t s  involves a c a l c u l a t i o n  o f  d i f f e r e n c e s  
between them, so t h a t  these small ( c o n s is te n t )  e r r o r s  f o r  
the most p a r t  w i l l  cancel out .
4 .  UNITS FOR SOLUBILITY MEASUREMENT
Many ways o f  express ing a s o l u b i l i t y  have been used in the l i t e r a t u r e .  
These are reviewed in referen ce s 3 and 40.  Most of  them are  of  
h i s t o r i c a l  o r i g i n  and were most su i t ed  to  the method o f  measurement 
used to  o b ta in  them. A l l  are i n t e r c o n v e r t i b l e ,  and r e l a t e d  a lso  to  
the more thermodynamical ly use fu l  u n i t  of  mole f r a c t i o n .
The u n i t  o f  s o l u b i l i t y  used in t h is  work is a lso  e m p i r i c a l .  I t  is 
given the symbol s,  and is def ined  as the volume o f  gas in cm3 
( co rrec ted  to 273*1 K and 1 atmosphere ~ 101.3 kN m'*^) d isso lved  by 
1 kg o f  so lv e n t ,  under a gas pressure of  1 atmosphere.
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i . e .  i f  V cm3 = volume of  gas disso lved  a t  pressure P and temperature T,  
and m kg = corresponding mass of  so lv e n t ,
then
= 1 X IZ M  cn,3 kg-1 m l
This r e s u l t  is obtained f o r  the gas a t  i t s  p a r t i a l  pressure w i t h i n  the  
apparatus,  which is the pressure o f  the atmosphere less the a p p r o p r ia t e  
so lven t  vapour pressure .  These f a c t o r s  vary from experiment to  
experiment.  However, the r e s u l t  is always expressed f o r  a p a r t i a l  gas 
pressure of  one standard atmosphere by apply ing Henry's law: the
volume of gas d isso lved  in to  a given mass of  so lvent  is independent of  
i t s  pressure .
Thus in the express ion of  a r e s u l t ,  the gas is assumed to obey the  
ideal  gas law, and Henry's law. In Appendix I I I  i t  is shown t h a t  f o r  
the gases and cond it io ns  used, no s i g n i f i c a n t  e r r o r  is introduced  
because of  t h i s .
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CHAPTER 3 THEORETICAL ASPECTS OF SOLUBILITY
1. THERMODYNAMIC METHODS AND SYMBOLS
Thermodynamics deals w i t h  the average p ro p e r t ie s  o f  a macro-system,  
and does not fu rn is h  d e t a i l s  o f  i t s  m i c r o - s t r u c t u r e .  Neverthe less  
any acceptab le  theory  of  m ic r o - s t r u c t u r e  must be co n s is te n t  w i th  
the observed macroscopic p r o p e r t ie s  examined by thermodynamic 
methods. In f a c t ,  f o r  a s a t i s f a c t o r y  model of  s t r u c t u r e ,  s t a t i s t i c s  
methods can be used to c a l c u l a t e  thermodynamic f u n c t io n s .
In t h is  c hapter ,  the thermodynamic funct ions  are der ived  f o r  gas 
s o l u b i l i t i e s ,  and then c u r re n t  th eo r ies  of  s t r u c t u r e  in aqueous 
Systems are o u t l i n e d ,  w i th  t h e i r  re levance  to thermodynamic 
parameters.
The f o l lo w in g  symbols are used in the r e s t  of  t h i s  t h e s i s ,  w i th  the 
s ig n i f i c a n c e  shown.
AX = change in fu n c t io n  X
X° = standard value  o f  fu n c t io n  X
X = p a r t i a l  molal va lue o f  fu n c t io n  X
6 = Gibb's f r e e  energy
H = enthalpy
S = entropy
Cp = heat  c ap ac i ty  ( a t  constant  pressure)
y = chemical p o t e n t i a l
T = temperature
p = pressure
c = c oncent ra t io n
n = number of  moles
X = mole f r a c t i o n
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s = s o l ub i 11ty
m = mass
p = d ens ity
R = gas constant  (= 8 .314  J K  ^ mol 
Zr\ - n a tu ra l  logari thm
log -  logari thm to base 10
2. THERMODYNAMIC FUNCTIONS
(a)  E q u i l ib r iu m  of  a gas w ith  i t s  solv.ent
The e q u i l i b r i u m  studied  e x i s t s  between a gas phase and a s o lu t io n  
phase. The s o l u b i l i t y  o f  the gaseous s o lu te  measures i t s  p a r t i t i o n  
between the two phases when e q u i l i b r i u m  is reached. So, i f  the  
gas Is A, the e q u i l ib r iu m  re a c t io n  is represented by
A(g)  ^ ^ (s o ln )
The p o s i t io n  of  t h i s  e q u i l i b r i u m  is measured by i t s  e q u i l i b r i u m  
constant  (K) which can be r e l a t e d  to the measured s o l u b i l i t y  as 
f o l 1ows
K -  a c t i v i t y  of  s o lu te  A in s o lu t io n  phase
 ^ a c t i v i t y  of  s o lu te  A in gas phase
( i )  i f  the gas is i d e a l ,  and forms an ideal  s o l u t i o n ,
K -  mole f r a c t i o n  of  A in s o lu t io n  _ ^
X "* pressure of  gas A py;^
HA 1 where B = water"A + + "^C PA C = alcohol
 ^ since n/\ << (ng + ng)
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I -G- ^  = 227irnr • ^ T 'n^  pa = ' ac"
f o r  d e f i n i t i o n  o f  s.
Or ( i i )  i f  the gas is i d e a l ,  and forms an ideal  d i l u t e  s o l u t i o n ,
1^ -  c o n cen t ra t io n  o f  A in s o lu t io n  _ ^
^ pressure of  gas A p^
na 1-  —  . rr where V = volume of  s o lu t io nPA V
= 2A P.
. Pa * m -
i . e .  ~ mol dm“ 3 since PA = 1 atm, m = 1 kg
f o r  d e f i n i t i o n  of  s.
From e q u i l i b r i u m  constants ,  standard thermodynamic funct ions  may be 
ob ta in ed .  F i r s t  of  a l l ,  however, i t  is i m p l i c i t  in the above 
a l t e r n a t i v e s  t h a t  a c l e a r  de c is io n  must be made about standard  
re fe rence  s t a t e s .
(b) Choice of  standard s t a t e
For the'gas  phase (assuming Ideal  b eh av io u r ) ,  the standard s t a t e  
is a p a r t i a l  pressure of  one standard atmosphere (101 .3  kN m“ ^ ) , 
which Is a lso  the standard to which is c a lc u la t e d  the s o l u b i l i t y  
u n i t ,  s.
For the s o l u t i o n  phase, however, the standard s t a t e  can be taken 
as
either ( I )  gas a t  a mole f r a c t i o n  o f  u n i t y  In the s o l u t i o n ,
or ( i i )  gas a t  a conc en t ra t io n  of  1 mol dm 3 in the s o l u t i o n .
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Both of  these standard s ta te s  are  u n r e a l îs a b le  s in c e ,  as shown 
in Appendix I I I ,  the con cen t ra t io n  of  gas in s o l u t i o n  is always 
less than 0.05  mol dm“ 3. To a g re a t  e x t e n t ,  t h e r e f o r e ,  the  
choice is a r b i t r a r y ,  and I t  does not a f f e c t  the conclusions  
drawn from the da ta .  Neverthe less i t  must be de f ined  c l e a r l y ,  
and i t  is f e l t  t h a t  the standard based on mole f r a c t i o n  is more 
a p p r o p r ia te  f o r  t h i s  work,  s ince
( i )  mole f r a c t i o n  is more d e s c r i p t i v e  o f  r e l a t i v e  abundances 
of  molecules in the s o l u t i o n  phase;
( i i )  u n i ts  of  volume are excluded from the c a l c u l a t i o n s ;
( i i i )  i t  is co n s is te n t  w i t h  the use of  mole f r a c t i o n  to  describe  
the  composit ion o f  the aqueous alcohol  s o lv e n t .  The 
e f f e c t s  on water  s t r u c t u r e  of  both the gas and the alcohol  
are  in v e s t ig a t e d ,  so these q u a n t i t i e s  are homogeneous.
Some workers in t h is  f i e l d  have adopted t h i s  standard s t a t e  based 
on mole f r a c t i o n ,  e . g .  Smith ô t  B a t t in o  and Wilhelm^ and
Hildebrand^ (who a ls o  uses a standard mole f r a c t i o n  of  10**  ^ f o r  
comparison of  entropy changes during the s o lu t io n  o f  gases) .  
Others have adopted the standard s t a t e  based on c o n c e n t ra t io n ,  
e . g .  Eley^G and Ben Nalml® Comparison can be made between sets  
of r e s u l t s  based on the two d i f f e r e n t  standard s ta tes  by means of  
the r e l a t i o n s h i p  between them, as ca lc u la te d  in Appendix IV.
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(c) Formulat ion of  thermodynamic fu nc t ions
The changes in the p a r t i a l  molal f r e e  energy (or  chemical p o t e n t i a l ) ,  
en th a lp y ,  and entropy  were c a lc u la t e d  fo r  the gas (A) as i t  moves 
from a h yp o th e t ic a l  p a r t i a l  pressure of  one atmosphere to  a s o l u t io n  
co nta in ing  a h y p oth e t ica l  u n i t  mole f r a c t i o n  of  i t ,
I . e .  (p = 1 atm.)  — ^ (x = 1 ) .
In the c a l c u l a t i o n s ,  the gas is assumed to be i d e a l ,  and a lso  to  
obey the laws of  ideal  s o l u t i o n s .  For a j u s t i f i c a t i o n  of  t h i s ,  
see Appendix I I I .
The so lvent  is a m ix tu re  o f  components B (water)  and C ( a l c o h o l ) ,  so
we have f o r  gas A : -
( ! )  y(g )  = y(g )  + RT ^n p i f  A is idea l  gas,
and = P (so ln )  + f n  x i f  s o lu t io n  of  A is i d e a l .
At e q u i l i b r i u m ,  y(g)  = y(soln)
' P{so1n) -  P(g)  = RT f n  p -  RT I n  x
i . e .  Ap® = -  RT .£n ^
i . e .  AG" = -  RT f n  as on, P . 33-34
AG" = 2 .3 03B T[4 .3 50  + log(ng+n(,) -  log s] ...................  ( l )  •
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( i i )  AH" = AG" + TAS"
= AG" -
AH" AG" 1 dAG'
' ' p -  = 9 T - -  T ~dT
fAG°\ 
‘dT  ^ T ^
d ,AG"\
' ' d (l)
1 d ,AG*\
i . e .  AH" = -2 .30 3R  log s ........................................  (2)
d ( i )
( i i i )  AS" =   (3)
( (V )
i . e .  AC" = ■.............................................................  (4)P Tz -  Tl
(d) Treatment of  experimental  r e s u l t s
For a gas in a given s o lv e n t ,  s o l u b i l i t i e s  were u s u a l ly  measured 
a t  7 temperatures in the range 4 - 6 1 "C corresponding to  the values  
o f  Y   ^ appro ximately equal to 36,  35,  34,  33,  3 2 , 31,  and 30.  
The fu n c t io n  log s was p l o t t e d  ag a ins t  y , and the best  curve was 










Now f o r  these in t e g r a l  values o f  y  x 10^,
( i )  values of  s can be i n t e r p o la t e d  and AG® c a lc u la t e d  by 
equat ion ( 1 ) ;
( i i )  the slope o f  the tangent  to  the curve can be measured and 
AH® c a lc u la t e d  by equat ion ( 2 ) ;
( i i i )  AS° is obta ined  from AG® and AH® by equat ion  ( 3 ) •
Then the severa l  isotherms o f  these func t io ns  were p l o t t e d  f o r  a 
given aqueous alcohol  system aga in s t  the mole f r a c t i o n  of  the 
alcohol  (obtained f o r  each m ix tu re  used by d en s i ty  c a l i b r a t i o n  
as on P . 19) .
Now i t  is e s s e n t ia l  t h a t  the experimental  accuracy is high enough 
to wa r ran t  a t rea tment  of  t h i s  type.  The accuracy is l e a s t  f o r  
the lowest  values o f  s,  i . e .  s = ( 1 0 .0  t 0 .1 )  cm  ^ kg"^, so t h a t  
the poss ib le  e r r o r  in s is 1 and in log s i t  is 0.5%. (For  
s = 100, the e r r o r  in log s is about 0 .2%.)  This e r r o r  could 
p e r s i s t  in the s o l u b i l i t y  curve,  but  two independent checks a re  
provided on the in t e r p o la t e d  values o f  log s.
. ( i )  S o l u b i l i t y  isotherms are smoothed out over the d i f f e r e n t  
mole f r a c t i o n s  o f  the alcohol  to give  values o f  log s 
co n s is te n t  w i th  the accuracy of  the s o l u b i l i t y  curve.
(See Figure  8 b ) .
( i i )  From equat ions (2) and (4)  above,
AH° = -2 .3 03R
A ( | )
-  •
FIGURE 8b : Smoothing of  s o l u b i l i t y  isotherms 






mole f r a c t i o n  x
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where AC® Is assumed to change only s l i g h t l y  and slowly  over  
the temperature range used, as has been found t ru e  in a l l  the  
systems s tud ie d .  Thus, a se t  of  in t e r p o la t e d  values of  log s
is est imated  from a curve f o r  the in t e g r a l  values o f  y  x 10^.
The d i f f e r e n c e  between successive p a i rs  of  these is c a l c u l a t e d ,  
and t h is  is p r o p o r t io n a l  to AH®. Then the d i f f e r e n c e  between 
successive p a i rs  o f  these d i f f e r e n c e s  is c a l c u l a t e d ,  and t h is
is ap proximately p ro p o r t io n a l  to AC®. I f  necessary,  the
o r i g i n a l  values of  logs a re  then adjusted ( w i t h in  the l i m i t s  
o f  exper imental  e r r o r s )  to g iv e  approximate constancy in t h is  
second d i f f e r e n c e .  The fo l lo w in g  ty p ic a l  t a b l e  o f  r e s u l t s  
shows the method. (For Ar in aqueous e th a n o l ,  x = 0 .1 0 5 ;  
r e f e r  a ls o  to  F igure  8)



















I t  is found, t h a t  AA log s is e i t h e r  constant  or shows a s l i g h t  
decrease as temperature r i s e s ,  so t h a t  cons id erab le  conf idence  
may be placed in the s o l u b i l i t y  curve ob ta ined .
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Now in order  to obta in  values f o r  AH®, r a t h e r  than draw 
tangents to the curves,  i t  was found more convenient  and 
accurate  to use the method r e f e r r e d  to above. Using the  
data in the f i r s t  two columns of  the above t a b l e  f o r  each
so lv ent  m ix ture  in a given system, a computer was programmed
“ 2 303Rto  c a l c u l a t e  each AH® = A log s x (programme
FINDH “ Appendix V ) .
1These AH® values correspond to midway between the re fe re nc e  
~r X 10^, so they are graphed aga in s t  tem perature ,  the best  
l i n e  drawn through the p o in t s ,  and then the required  values  
of AH® f o r  the re fe ren ce  temperatures can be i n t e r p o la t e d ;  
see Figure 9a.
The slope of  t h i s  l i n e  is of  course equal to AC®. E m p i r i c a l l y  
i t  was found t h a t  the l i n e  u s u a l ly  has a s l i g h t  c u r v a t u r e ,  but  
w ith o u t  e r r o r ,  i t  can be approximated to two s t r a i g h t  l in e s  as 
shown. This assumes t h a t  AC® is constant  over each temperature  
range 28O-3OO K, and 300 -330  K. The poss ib le  e r r o r  in ACp is 
in f a c t  very  l a r g e ,  but i t  is used main ly as a check on the  
accuracy of  AH®.
Values o f  AC® f o r  T = 280-300 K and 300-330 K, and i n t e r p o la t e d  
values of  AH® f o r  T = 290 K and 310 K a re  measured, and a 
f u r t h e r  check on t h e i r  v a l i d i t y  is obtained by comparing them 
w i th  those f o r  o ther  composit ions of  the so lv e n t ;  i . e .  AC® 
and AH® are p lo t t e d  ag a in s t  mole f r a c t i o n  of  the a l c o h o l ,  and 
the curve is smoothed out  as shown in F ig .  9b. From the curve  
the  most probable va lues of  AC® and AH® a re  s e le c ted  f o r  use
It a. r ! .4 . - 1- -
GURE 9 _i^Der i v a t  ion and , check of  AHÎ and AC 
: : I Î [ I ; t" j ( fo r  argon in aqueous t -butano1)  I












mole f r a c t i o n  of  a lcohol
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in the equat ion
AH° = AHg + ACg(T -  T o ) ,
which gives  a f a i r l y  accu ra te  a l g e b r a ic  i n t e r p o l a t i o n  of
AH®, w e l l  w i t h i n  i t s  est imated e r r o r  o f  about  2%.
From the experimenta l  r e s u l t s ,  there  is thus a v a i l a b l e  f o r
a se t  o f  temperatures T (corresponding to  in t e g r a l  y  x 10^) 
values o f  log s w i t h  a probable e r r o r  o f  less than 0.5% and 
values  o f  AH® w i th  a probab le  e r r o r  of less than 2%. So 
the probable e r r o r  in AG® is less than 0.5%, and in AS® less  
than 2.5%, as c a lc u la t e d  by equat ions ( 1 ) ,  ( 2 ) ,  and ( 3 ) .
Based on these equat io ns ,  a computer programme (DGHS21-  see 
Appendix V) was w r i t t e n  to process the r e s u l t s ,  and a ls o  to  
c a r ry  out  the a lg e b r a ic  i n t e r p o l a t i o n  f o r  AH® r e f e r r e d  to  
above. For a given system, the re s u l t s  are presented as one 
plane  of  a th ree-d im ensiona l  a r r a y ,  so t h a t  from i t s  t h i r d  
dimension are obtained the c a lc u la te d  values o f  the parameters 
AG®, AH®, and AS®, f o r  each ^  snd each mole f r a c t i o n  of  the  
alcohol  in the s o lv e n t .  Thus isotherms of  these parameters  
can be studied  as a fu n c t io n  of  the mole f r a c t i o n  of  the  
a l c o h o l .  I t  is a ls o  p o ss ib le  to compare the changes in AC® 
f o r  each system, al though w i t h  much less p r e c is e  q u a n t i t a t i v e  
s i g n i f i c a n c e .
3.  STRUCTURAL THEORIES OF WATER
Some l i v e l y  controversy s t i l l  e x i s t s  about the fundamental assumptions 
in the th eo r ie s  of  water  s t r u c t u r e .  One o f  the most recen t  reviews on 
t h is  sub jec t  by Frank^? attempts to  show what water  must be l i k e ,  as
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contrasted  to  what i t  might be l i k e .  At the same t im e ,  the reviewer  
f r e e l y  admits the present  u n s e t t le d  s t a t e  of  the s u b j e c t ,  and the  
d i f f i c u l t i e s  associated w i th  a complete s o lu t io n  to  the problem.
This th es is  is not concerned w i th  a c r i t i c i s m  o f  these t h e o r i e s ,  but 
i t  is re le v a n t  to n o t ic e  how gas s o l u b i l i t y  data have fe a tu re d  in 
t h e i r  developments. A lso ,  in any s a t i s f a c t o r y  s t r u c t u r a l  th e o ry ,  
thermodynamic parameters must be s a t i s f i e d ,  and the f o l lo w in g  summary 
shows t h e i r  in f lu en c e  on the problem.
(a) H i s t o r i c a l  development of  a m ix ture  model
One of  the e a r l i e s t  models f o r  w a te r ,  due to Chadwell^^ (1 9 2 7 ) ,  
t r e a t e d  the l i q u i d  as a m ix tu re  of  monomers, dimers,  and t r im ers  
of  H2O, whose concent ra t io ns  v a r ie d  w i th  temperatu re .  (HzO)^ and 
(H20 )g were also  proposed la te r ^ ^  but evidence is lack ing f o r  any 
of  these spec ies .
EleyGG ; n 1939 c a lc u la t e d  the thermodynamic fu nc t io n s  associa ted  
w ith  the s o lu t io n  o f  the noble gases in w a te r .  He suggested t h a t  
the en thalpy and ent ropy changes could be accounted f o r  by 
d escr ib in g  the gas molecule e n t e r in g  a c a v i t y  which has been 
formed in the s o lv e n t .  Th is c a v i t y  fo rmat ion was the c r i t i c a l  
step in the process, having associated w i t h  i t  most of  the entha lpy  
and ent ropy changes. At low temperature ,  c a v i t i e s  a l read y  e x i s t  
in a s t ru c tu re d  form of  the l i q u i d .
Frank and Evans^O in 1945 presented t h e i r  paper in which the famous 
term " ice b e rg "  was f i r s t  used to describe  the s t ru c tu re d  component 
of w ater .  They postu la ted  t h a t  a gas molecule b u i l t  a microscopic  
iceberg around i t ,  whose s i z e  was r e la t e d  to  the s i z e  o f  the gas
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molecu le.  The term " ic e b e rg "  was not n e c e s s a r i l y  to  mean e x a c t l y  
i c e l i k e ,  but  ra t h e r  a region o f  water  molecules which had q u a s i ­
c ry s t a l  1 i ni t y .  A lso ,  by invoking Le C h a t e l i e r ' s  p r i n c i p l e ,  they  
suggested t h a t  f o r e ig n  molecules would s t a b i l i s e  the icebergs where 
more space e x is t s  f o r  them, and so Increase t h e i r  q u a n t i t y ;  i . e .  
t h a t  the  e q u i l ib r iu m  in water  between open and close-packed  
s t r u c t u r e s  was s h i f t e d  in the d i r e c t i o n  o f  the open form.
The thermodynamic im p l ic a t io n s  o f  t h is  l i e  in the d i r e c t i o n s  of  
AH® and AS®, which are both n eg a t iv e .  The gases are very in s o lu b le ,  
i . e .  AG® is p o s i t i v e .  The process is thus fav o u rab le  in terms of  
entha lpy  loss ,  but unfavourab le  in terms o f  entropy loss ,  so th a t  
the s o l u b i l i t y  of  gases is entropy  c o n t r o l le d  ( f i r s t  proposed by 
Butler?^ f o r  a lcohols  in w a t e r ) .  This is In accord w i t h  the p i c t u r e  
t h a t  when icebergs form round a gas molecule,  bonds are  made and 
d is o rd er  decreases.  A t t e n t io n  is a lso  drawn to the high heat  
ca p ac i ty  of  w ater .  This too is exp la ined  by the energy used to melt  
the icebergs as the temperature is r a ised .  F u r t h e r ,  f o r  the 
s o l u b i l i t y  of  gases,  AC® is p o s i t i v e ,  conf irming the idea of  
increased order due to the s o l u t e ,  a l though Ben Naim?^ has c r i t i c i s e d  
the s i m p l i c i t y  of  t h i s  e x p la n a t io n .
The na ture  o f  the icebergs was f u r t h e r  discussed by Frank and Wen?3 
in 1957, who used the term " f l i c k e r i n g  c l u s t e r s "  to i n d ic a t e  a 
c o - o p e ra t iv e  process of  hydrogen-bond making and breaking throughout  
the l i q u i d .  The s t a t i s t i c a l  degree of  " ice l  Ikeness" is p ro p o r t io na l  
to the average s i z e  and h a l f  l i f e  of  the c l u s t e r s .  Non-polar  s o lu t e  
molecules provide  b a r r i e r s  to the  d i s r u p t i v e  in f luences  w i t h i n  the 
l i q u i d  since they cannot t ra n s m i t  the e l e c t r o s t a t i c  fo rces  associated  
w i t h  hydrogen-bond break in g .
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In i 9 6 0 , from the analogy of  the s t r u c t u r e  of  gas hydrates ,  Paul ing?^  
suggested t h a t  " loose"  water  molecules could be accommodated w i t h i n  
the icebergs.  This i n t e r s t i t i a l  model was used by Frank and Quist^^  
to c a l c u l a t e  pressure -volume-temperature c o r r e l a t i o n s  f o r  w a te r .  I t  
did not g ive  a good e x p la n a t io n  f o r  the thermodynamics of  the  
s o lu t io n  of  non-po la r  substances,  however, and I t  has l a r g e l y  been 
abandoned. On the o th er  hand, Wada^^ a t  about the same t im e,  used 
the o r i g i n a l  two s t a t e  model w i th  the minimum assumptions to c a l c u l a t e  
reasonable values f o r  some phys ica l  p r o p e r t ie s  o f  w a te r .
Némethy and Scheraga^Ba formulated a mechanism o f  c l u s t e r  format ion  
based upon s t a t i s t i c a l  methods to ob ta in  p a r t i t i o n  f u n c t io n s .  In a 
second paper^®^) , they used th is  model to  c a l c u l a t e  the thermodynamic 
funct io ns  f o r  aqueous s o lu t io n s  o f  hydrocarbons, and obtained very  
good agreement w i th  exper imenta l  da ta .  They showed t h a t  there  was 
a higher p r o b a b i l i t y  of  f i n d i n g  an iceberg near a s o lu t e  molecule ,  
due to the s o l u t e - s o l v e n t  i n t e r a c t i o n s  a f f e c t i n g  the energy le v e ls  
of  the water  ; I . e .
( i )  in iceb ergs,  H2O energy le v e ls  are lowered because o f  an added 
van der Waals i n t e r a c t i o n  w i th  the s o lu te  molecules now 
present  ;
( i i )  the energy le v e ls  of  unbonded H2O molecules are r a is e d ,  because 
a strong w a te r -w a te r  d i p o le  in t e r a c t i o n  is replaced by weaker  
London fo rces ;  t h e r e f o r e  more water  molecules e x i s t  in the  
c l u s t e r  form and fewer are unbonded, i . e .  th e re  is a n e t t  
increase  in i c e l i k e n e s s .
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Ben Naim^S a f t e r  work on gas s o l u b i l i t i e s ,  a ls o  suggested a s i m i l a r  
mechanism f o r  t h i s  model, based on d i s t r i b u t i o n  fu n c t io n  equat ions .  
Added n o n - e l e c t r o l y t e  lowers the chemical p o t e n t i a l  o f  the c lu s t e r s  
more than the monomeric w a t e r ,  due to the i n a c t i v i t y  o f  the so lu te  
molecule,  so t h a t  the e q u i l i b r i u m  w i t h i n  the water  is s h i f t e d  in 
favour o f  the more s t ru c tu re d  form.
F i n a l l y ,  in 1968, Frank and Franks?? showed how the o r i g i n a l  theory  
could be used to ex p la in  the s o l u b i l i t y  of  hydrocarbons in water  by 
represent in g  the s o lu te  as d i s t r i b u t e d  between two phases -  
a q u a s i - c l a t h r a t e  s o lu t io n  in the icebergs,  and a q u a s i - l a t t i c e  
(or  reg u la r )  s o lu t io n  in the denser phase.
(b) Current  aspects o f  the m ix ture  model
In the development and d iscuss ions of  t h i s  th eo ry ,  the term " ic e b e rg "  
or " i c e l i k e n e s s "  has been f r e q u e n t l y  c r i t i c i s e d  ( f o r  example, see 
comments by Everett?® and by Eley?®) f o r  implying a r e s t r i c t i v e  
meaning to the hydrogen-bonded c l u s t e r s  of  w a te r .  " C l a t h r a t e "  or  
"cage s t r u c t u r e s "  have been proposed as a l t e r n a t i v e s ,  but again these  
may car ry  un d es i rab le  connota t io ns .
This m ix tu re  model is t h e r e f o r e  best  described as an e q u i l i b r i u m  of  
two kinds of  water :
( i )  hydrogen-bonded molecu les ,  w i th  an open s t r u c t u r e  and a lower  
d e n s i t y ;  and
( i i )  monomeric non hydrogen-bonded molecules,  more c l o s e ly  packed 
and having a h igher  d e n s i ty ;
i . e .  (H20)n nH^O.
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The e q u i l i b r i u m  i s  s h i f t e d  t o  th e  l e f t  ( I n  f a v o u r  o f  more hydrogen-  
bond ing )  by t he  a d d i t i o n  o f  n o n - e l e c t r o l y t e  m o le c u l e s .  The 
p o s i t i o n  o f  the  e q u i l i b r i u m  a l s o  depends on th e  t e m p e r a t u r e ,  and 
th e  f o l l o w i n g  e s t i m a t e s  o f  s i z e  and p o p u l a t i o n  have been made:
Tem pera tu re
°C
Average c l u s t e r  
s i ze
Mole f r a c t i o n  o f  
H-bonded mois Au th o rs
0 91 0 ,7 6 Nemethy and
70. 25 . 0.61 Scheraga®®®
0 0 .42 Wada?®
100 0 .2
20 20
6 0.73 B u i j s  and
72 0 . 60 Choppin?®
The f i r s t  two e s t i m a t e s  a re  d e r i v e d  f rom t h e o r y ,  b u t  t he  l a s t  
a u t h o r s  base t h e i r  e s t i m a t e  on th e  te m p e r a tu r e  dependence o f  the  
i n f r a - r e d  spec t rum o f  w a t e r .
The m i x t u r e  model i s  c o n s i s t e n t  w i t h  the  d i r e c t i o n s  and o r d e r s  o f  
m agn i tude  o f  AH®, AS®, and ACp f o r  s o l u b i l i t y  o f  gases in  w a t e r .  
D e t a i l e d  c a l c u l a t i o n s  a re  u n a v a i l a b l e  t o  check t h e s e ,  however ,  
s i n c e  the  p a r t i t i o n  f u n c t i o n s  f o r  the  model a re  t o o  c o m p l i c a te d  
t o  ha nd le  even w i t h  e x t e n s i v e  computer  o p e r a t i o n s .
Most of  the workers who have been responsib le  f o r  the recent  
development o f  the theory have also  shown i t s  im p l ic a t io n s  in the  
concept of  "hydrophobic bonding" (see re ferences 23,  24, 37,  38 
and 7 7 ) ,  The i n t e r a c t i o n  w i th  water  of  s imple non-po lar  so lu tes  
provided a model f o r  such in t e r a c t i o n  of non-po la r  s ide chains in 
p r o t e in  molecules,  where the hydrophobic bond between these is 
thought to be responsib le  f o r  t h e i r  n a t iv e  c o n f i g u r a t io n s .
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(c)  An a l t e r n a t i v e  continuum model
A cha l lenge  to the m ix ture  model has been presented by a continuum 
model, based on the d i s t o r t i o n  r a t h e r  than the ru pture  o f  hydrogen-  
bonds. In t h is  model water  has only one s t r u c t u r e ,  and i t s  
thermodynamic p ro p e r t ie s  are described by vary ing  degrees of  
d i s t o r t i o n  o f  a comple te ly  hydrogen-bonded s t r u c t u r e .  The idea 
o r i g i n a t e d  w i th  Bernal and Fowler®® in 1933, was developed in
d e t a i l  by Pople®^ in 1951, and f u r t h e r  discussed by Bernal®% in the
83Bakerian l e c t u r e  in 1964. Eisenberg and Kauzmann, in t h e i r  
textbook on water  s t r u c t u r e ,  i n d i c a t e  t h a t  m ix ture  models are not  
in accord w i th  some exper imental  d a ta ,  e s p e c i a l l y  from spectroscopy,  
and they favour the Pople model. With respect  to gas s o l u b i l i t i e s ,  
i t  has been used by Smith et a Z . ,  and by Hi ldebrand and M i l l e r ® ^  to  
e x p la in  t h e i r  exper imenta l  r e s u l t s .
I t  is not po ss ib le  a t  t h i s  stage to s t a t e  which of  the two types of
model is the b e t t e r .  In f a c t  both seem to be v a l u a b le ,  even i f  f o r
6 7d i f f e r e n t  purposes. Frank,  in the l a t e s t  review r e f e r r e d  t o ,  
considers H i ld e b ran d 's  conclusions unacceptab le,  and remains 
convinced t h a t  a m ix tu re  model is necessary to e x p l a in  e s p e c i a l l y  
s o l u b i l i t y  phenomena.
In the r e s u l t s  o f  t h i s  work,  a t t e n t i o n  is focussed on the manner in 
which the organic  component of  the so lvent  a l t e r s  the values of  
AH®, AS®, and AC® f o r  the d i f f e r e n t  gases. A comparison Is a lso  
made of  the magnitudes of  these parameters f o r  each o f  the f i v e  
gases used. Where p o s s ib le ,  some c o r r e l a t i o n  is sought w i th  the  
mix ture  mode 1.
CHAPTER 4 RESULTS OF THE PRESENT INVESTIGATION
In t h i s  chapter ,  experimental  r e s u l t s  are  tabu la ted  in the form in which  
they were o b ta ined .  S o l u b i l i t i e s  of  the several  gases in the d i f f e r e n t  
so lvents  are  given by the u n i ts  o f  which (see P . 31) a re  cm® kg  ^ . In 
every case the measurement is quoted as log s f o r  a given temperature  
( t /®C)  whose re c ip ro c a l  on the Kelvin  s ca le  ( ^ ^  10  ^ K) is a ls o  given  
f o r  r e fe re n c e .  The s o l u b i l i t y  curves f o r  each system are  then drawn,  
log(s/cm® kg" l )  vs .  10  ^ K/T,  according to  the method described on P , 4 l ,
A few of  the r e s u l t s  quoted were not a c t u a l l y  determined by the au th o r ,  
but by T . J .  Morr ison or o th er  co-workers,  and f u l l  acknowledgment is made 
in the t e x t  where t h is  is so;
i . e .  (a) the s o l u b i l i t i e s  of  the gases in water  f o r  temperatures above 
10®C, as published in reference s 8 and 12;
(b) the s o l u b i l i t i e s  o f  argon and of  carbon d io x id e  in the aqueous 
ethanol  system;
and (c) some o f  the s o l u b i l i t i e s  of  carbon d io x id e  in the aqueous 
t - b u ta n o l  system.
A l l  the re s u l t s  are c o l l e c t e d  in t h is  t h e s i s ,  however, f o r  use in the  
c a l c u l a t i o n s ,  so t h a t  the survey and the comparisons can be as comprehensive 
as p o s s ib le .
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I .  SOLUBILITIES OF HELIUM
(a ) In Water
(1 )  Author's results ( I I )  From Morrison and Johnstone^
t / “C 10'+ K/T log(s /cm3 kg“ M t / ' C 10'+ K/T log(s /cm3 kg“ l)
5 . 2  35.93 0 .9 70 4 .6 36.01 0 .9 7 5
10 .9  35,21 0,961 6 .0 35 .83 0.971
2 1 .3  33 .97 0 .9 30 11.0 3 5 .2 0 0 .9 5 6
5 9 .2  30 .09 0 .953 13.2 34 .93 0 .9 4 8
16.6 34.51 0.940
21 .7 33 .92 0.931
27 .4 33 .28 0.927
3 3 .0 32.67 0.921
' 40 ,4 31 .90 0 .9 25
44 .9 31 .45 0 .9 27
48 ,9 31 .06 0 .9 34
54 .4 30.53 0 .9 4 0
58 .6 30.15 0 .9 49
60 .5 29 .98 0 .955
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(b )  In aqueous e th a n o l , fo r  the fo l lo w in g  mole f r a c t io n s  (x ) o f  ethanol : see a ls o  Figure 10.
X t / * C 10*+ K/T log(s/cm^ k g " l ) X t / ° C lO'» K/T log(s/cm^ k g " l )
( 1 ) 4 .2 36 .06 0 .976 (2) 4.7 36 .00 0 .978
5 .6 35 .88 0 .968 12.1 35 .07 0 .954
12.3 35 .04 0 .954 21.1 33 .99 0 .950
0 .0 0 8 21 .0 34 .00 0 .945 0.021 40.0 31 .94 0.941
30 .8 32 .90 0 .936 49 .8 30 ,95 0.961
41.1 31 .83 0 .937 59 .5 30 .07 0 .979
51 .4 30.81 0.959
59-6 30 .06 0.964
(3 ) 4 .2 36.06 0.967 . (4)
12 ,6 35.01 0.958 8 .4 35 .53 0.951
2 2 .2 33.87 0.947 12.3 35 .04 0.940
0 .0 4 8 30 .6 32.93 0.953 0 .075 25.6 33.48 0.952
41.1 31 .83 0 .952 40 ,5 31 .89 0.969
50 .7 30.88 0.971 56.7 30.31 1.001
61 .3 29.90 0.980
(5 ) 4 .7 36 .00 0 .927 ( 6 ) 5.9 35 .84 0 .936
12.2 35 .05 0 .926 16.1 34.58 0.967
21 .0 34 .00 0 .936 25.7 33 .47 0.986
0 .0 9 9 30 .9 32 .89 0 .945 0.180 36.6 32 .29 1.039
39 .4 32.00 0.963 48 .0 31 .24 1.105
50 .4 30.94 1.006 59.7 30 .05 1.160
60 .3 29 .99 1.049
(7 ) 5 .9 35 .84 1.003 ■ (8)
16.3 34.55 1.075 5 .4 35 .90 1.254
25 .6 33 .48 1.123 15.6 34 .64 1.290
0 .3 1 2 36 .6 32.29 1.176 0.585 "24.5 33.60 1.337
48 .7 31.07 1.266 37 .7 32 .18 1.411
60 .2 30 .00 1.336 48.1 31.13 1.455
(9 ) 5 .4 35.90 1.432
21 .7 33 .92 1.513
0 .9 0 0 41.1 31.83 1.602
55 .6 30.42 1.652
S o l u b i l i t y  curves f o r  hel ium in aqueous ethanol
o f  mole f r a c t i o n  x
» 'i'
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(c ) In aqueous t~butano1, fo r  th e  fo llo w in g  mole fra c t io n s  (x ) o f t-b u ta n o l : see a ls o  F igure  11
X t / ° C 10** K/T log(s /cm3 kg” ^)
( 1 ) 4 .6 36.01 0 .984
12.9 34 .97 0 .962
2 0 .6 34 .05 0 .9 46
0 .0 0 6 31 .6 32 .82 0.944
41 .2 31 .82 0 .9 52
50 .4 30.91 0 .9 52
60 .3 2 9 .99 0.963
(3) 5.1 35 .94 0 .9 44
12.6 35.01 0.930
0 .0 2 9 21.7 33 .92 0.933
30 .0 32 .99 0.946
4 5 . 8 31 .36 0.970
(5) 5 .0 35 .96 0.928
13.5 34 .90 0.933
0 .0 7 2 23 .6 33 .70 0.960
32.9 32.68 0,984
47 .5 , 31 .19 1.045
58.5 30 .16 1.106
(7) 4 .9 35 .97 1.215
14.1 34 .82 1.261
0 .3 1 4 23 .4 33 .72 1.300
35 .2 32 .44 1.359
48 .6 31 .08 1.413
60 .7 29 .96 1.485
X t / “C 10** K/T log(s/cm3 k g " l )
(2) 4 .7 36 .00 0.979
12.0 35 .08 0 .960
21 .6 33 .93 0 .942
0.011 31 .5 32 .83 0 .942
40 .0 31 .94 0.941
50.9 30 .86 0 .954
60 .7 29 .97 0.967
(4) 4 .3 36 .05 0.907
6 .0 35 .83 0 .907
0 .046 12.0 35 .08 0 .906
21 .7 33 .92 0.921
31 .0 32 .88 0.931
40 .7 31 .87 0.981
50.9 30 .86 1.009
60 .2 30 .00 1.047
(6) 4 .8 35 .98 0 .987
13.7 34 ,87 1.039
0 .144 26.3 33 .40 1.094
34.3 32.53 1.142
48 .9 31 .06 1.201
60 .7 29 .96 1.245
’ (8 ) 4.3 36 .05 1.351
14.1 34 .82 1.399
0 .530 24 .0 33 .66 1.449
35 .5 32.41 1.497 ■■
47 .5 31 .19 1.559
61 .4 29.90 1.623
S o l u b i l i t y  curves f o r  helium in aqueous t -b u tan oFIGURE 11
of  mole f r a c t i o n  x
=  0.011  
=  0 . 0 0 6  
0.000
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2 . SOLUBILITIES OF HYDROGEN
( a )  I n  Water
(1) Author 's results (11) From Morrison and Billett^^
trc I O'* K/T log(s/cm3 k g ' l ) t / " C 104 K/T log(s/cm3 kg"1)
4 . 6 36 .01• 1.319 12.3 35 .04 1.284
5 .2 35.93 1.320 16.1 34 .58 1.272
10.9 35.21 1.289 23 .0 33.77 1 .252
21 .3 33.97 1.257 25 .0 33 .55 1.248
2 3 .8 33 .68 1.251 33 .2 32.63 1.230
32 .1 32 ,77 1.233 45 .0 31 .44 1.214
5 9 .2 30 .09 1.212 54 .4 30 .53 1.206
60 .3 29-99 1.206
65 .5 29 .54 1.208
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(b ) In  aqueous e th a n o l, fo r  th e  fo llo w in g  mole fra c t io n s  (x ) o f ethanol : see a ls o  F igure  12.
X t r c 10** K/T log(s /cm3 k g " i )
( I ) 4 .2 36.06 1.330
5 .6 35 .88 1.326
12.3 35.04 1.295
0 .0 0 8 21 .0 34.00 1.267
3 0 .8 32.90 1.244
41.1 31.83 1.220
51 .4 30.81 1.222
59 .6 30.06 1.218
(3) 4 .2 36.06 1.338
12.6 35.01 1.307
22 .2 33 .87 1.272
0 .0 4 8 30 .6 32.93 1.257
41.1 31.83 1.245
50 .7 30.88 1.238
61 .3 29.90 1.251
(5 ) 4 .7 36.00 1.290
12.2 35 .05 1.278
21 .0 34.00 1.278
0.0 99 30 .9 32.89 1.259
39 .4 32 .00 1.264
50 .4 30 .94 1.296
60 .3 29 .99 1.325
(7 ) 5 .9 35 .84 1.433
16.3 34 .55 1.475
- 0 .3 12 25 .6 33.48 1.496
36 .6 32 .29 1.536
48 .7 31.07 1.573
60 .2 30 .00 1.600
(9 ) 5 .4 35.90 1.904
21 .7 33 .92 1.944
0 .9 0 0 41.1 31.83 1.996
55 .6 30 .42 2.046
59 .0 30.11 2.036
X t / * C 10** K/T log(s/cm3 k g " l )
(2)
4 .7 36 .00 1.327
12.1 35 .07 1.312
0.021 21.1 33 .99 1.269
30 .3 32 .96 1.253
40 ,0 31 .94 1.232
49 .8 30 .95 1.231
59 .5 30 .07 1.228
■ (4)
8 .4 35.53 1.296
12.3 35 .04 1.286
0.075 25 .6 33 .48 1.262
40 .5 31 .89 1.264
(6) 5 .9 35 .84 1.296
16.1 34 .58 1.325
25.7 33 ,47 1.330
0.180 36 .6 32 .29 1.354
48 .0 31 .24 1.403
59.7 30 .05 1.433
(8) 5 .4 35 .90 1.699
15.6 34 .64 1 .729
0.585 24 .5 33 .60 1.753
37 .7 32 .18 1.795
48.1 31 ,13 1.827
59 .7 30 .05 1.865
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(c )  In aqueous t -b u ta n o l, fo r  the fo llo w in g  mole fra c tio n s  (x ) o f t-b u ta n o l : see a ls o  F igure  13.
X t/"C 10'* K/T log(s/cm^ kg"^)
(1 ) 4 .6 36.01 1.331
12.9 34.97 1.288
20 .6 34.05 1.265
0 .0 05 31 .6 32 .82 1.243
41 .2 31 .82 1.227
50 .4 30.91 1.212
60 .3 29 .99 1.208
(3 ) 5.1 35.94 1.291
12.6 35.01 1.275
21 .7 33 .92 1.246
0 .0 29 30 .0 32.99 1.236
45 .8 31 .36 1.229
60 .2 30 .00 1.240
(5) 5 .0 35.96 1.271
13.5 34 .90 1.265
0 .0 72 23 .6 33 .70 1.282
32 .9 32 .68 1.301
47 .5 31 .19 1.333
58 .5 30.16 1.374
(7) 4 .9 35.97 1.625
14.1 34.82 1.657
0 .3 1 4 23 .4 33.72 1.677
3 5 .2 32.44 1.715
48 .6 31.08 1.755
60 .7 29.96 1.803
X t / ' C 10** K/T log(s/cm3 kg~M
(2) 4 .7 36 .00 1.323
12,0 35 .08 1.291
21 .6 33.93 1.259
0.011 31 .5 32 .83 1.236
40 .0 31 .94 1.226
50 .9 30 .86 1.218
60.7 29.97 1.223
(4) 6 .0 35 .83 1.250
- 12.0 35 .08 1.244
21.7 33 .92 1.236
0.046 30 .5 32 .96 1,231
40.7 31 .87 1.256
50 .9 30.86 1.273
60 .2 30 .00 1.290
(6 ) 4 .8 35 .98 1.373
13.7 34 .87 1.408
0.144 26 .3 33 .40 1.444
34.3 32.53 1.475
48.9 31 .06 1.520
60 .7 29.96 1.559
(8) 4.3 36 .05 1.786
14.1 34 .82 1.808
0.530 24.0 33 .66 1.836
35 .5 32.41 1.867
47 .5 31 .19 1.903
61 .4 29.90 1.954
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3 . SOLUBILITIES OF ARGON
(a ) In Water
(1 )  Author 'a results
t / “C 10*» K/T log(s /cm3 kg "l)
4 .6 36.01 1.670
6 .4 35 .77 1.645
25 .4 33 .50 1.484
(11) From Morrison and Johnstone^
trc 10*» K/T log(s/cm^ kg"^)
10.7 35 .24 1.612
14.3 34 .79 1.570 .
18.2 34 .33 1.539
24 .4 33.61 1.493
29 .8 33.01 1.452
36 .6 32 .28 1.413
39 .4 32 .00 1.400
4 7 .8 31 .14 1.364
56 .3 30 .36 1.328
66 .3 29.46 1.306
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(b ) In aqueous e th a n o l, fo r  the fo llo w in g  mole fra c t io n s  (x ) o f e thanol : unpublished results
of T.J, Morrison : see a ls o  F igure  14.
X t / “C 10*» K/T 1og(s/cm3 kg ^) X t / " C 10*» K/T log(s/cm^ kg " l)
(1 ) 0 .0 08 4 ,7 36.00 1.679
(2) 0.021 4.7 36 .00 1.683 (5) 4.7 36 .00 1.619
(3 )  0 .0 44 4.7 36 .00 1.690 14.5 34 .77 1.563
(4 ) 15.7 34 .62 1.582 0.105 20 .0 34 .12 1.547
19.9 34 .12 1.554 24 .9 33 .56 1.532
0 .0 65 31 .9 32 ,79 1.494 35 .4 32.41 1.503
39 .9 31 .96 1.471 44 .9 31 .4 5 1.498
46 .5 31.29 1,449 49 .7 30 .97 1.491
63 .8 29.68 1.423 59.9 30 .03 1.491
( 6 ) 20 .2 34.10 1.681 (7) 15.1 34 .70 1.994
0 .2 20 34 .4 32 .52 1.699 0 .415 24.8 33 .57 1.988
44 ,5 31 .49 1.725 45 .0 31 ,44 2.017
(8) 15.5 34.65 2.119 (9) IS.7 34 .62 2 .440
0 .513 35 .0 32.45 2.127 0.920 25.1 33 .54 2 .4 40
45 .0 31.44 2.130 32 .0 32 .79 2.431
59 .9 30.03 2.151 39 .6 31.97 2.435
(10) 7 .4 35 .65 2.325 (11) 15.5 34 .65 2.495
9 .9 35 .34 2.326 19.9 34 .25 2.491
17.2 34 .45 2.322 25.1 33 .54 2.491
0 .7 70 25.1 33.54 2.321 0 .998 29 .9 33.01 2 .484
3 5 .0 32 .45 2.328 35 .0 32 .4 6 2.482
39 .5 31 .99 2.332 39 .8 31 .96 2.476
49 .4 31 .00 2.343 54 .9 30 .49 2.474
59.1 30 .10 2.348 59.6 30 .06 2.473
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(c )  In aqueous t -bu tano l fo r  the fo l lo w in g  mole f r a c t io n s  (x ) of t -butanol : see a ls o  Figure 15.
X t/°c lO** K/T 1og(s/om3 kg 1) X t / “C 10** K/T log(s /cm3 k g " l )
(1 ) 4 .4 36 .03 1.676 (2) 4 .6 36.01 1.658
13.0 34 .96 1.593 12.5 35 .02 1.587
23 .0 33.77 1.504 23.6 33.71 1,504
0 .0 0 6 30 .4 32.95 1.459 0 .018 32 .0 32 ,78 1.454
40 .7 31 .87 1.405 43 .5 31 .59 1.400
50 .7 ,30 .88 1.365 50,2 30.93 1 .387
60 .0 30 .02 1.337 59.1 30 .10 1.359
(3 ) 5 .4 35 .90 1.624 (4) 5.1 35 .94 1.548
14.2 34 .80 1,549 13.4 34.91 1.528
0 .0 36 27 .3 33 .29 1.477 0.058 22.4 33 .84 1.509
3 6 .8 32 .26 1.442 31.3 32 .85 1.501
49 .4 31.01 1.410 49 .0 31 .05 1.498
60 .7 29.96 1.388 59.5 30 .07 1.499
(5 ) 4 .9 35.97 1.562 (6) 4 .7 36 .00 1.672
12.7 34 .99 1.549 13.3 34 .92 1.676
21.3 33 .97 1.541 22 .0 33 .89 1.681
0 .0 6 8 30 .8 32.91 1.542 0,102 30 .6 32.93 1.687
41.3 31.81 1.546 40 .5 31 .89  - 1.697
51.3 30 .82 1.554 49.6 30 .9 9 1.704
60 .3 29 .99 1.568 60 .8 29 .95 1.716
(7) 4 . / 35 .97 1.922 (8) 4 .6 36.01 2.215
13.7 34 .87 1.924 14.2 34 .80 2.214
0.183 25.8 33 .46 1.935 0 .356 30.4 32 .95 2.213
37.1 32 .24 1.945 39.7 31 .97 2.211
48 .8 31 .06 1.946 49.8 30 .97 2 .217
60.1 30.01 1.957 60 .5 29.98 2,223
(9 ) 13.2 34.93 2.491
22 .0 33 .89 2.491
0 .8 4 0 30.1 32 .98 2.489
40 ,2 31 .96 2.488
50 .6 30.89 2.491
60 .2 30 .00 2.492
S o l u b i l i t y  curves f o r  argon in aqueous t - b u ta n o lFIGURE 15











4 . SOLUBILITIES OF OXYGEN
(a ) In Water
( ! )  Author’ 3 results
t / * C 10*+ K/T 1og(s/cm3 kg“ ^)
3 . 9 36 .10 1.640
6 .3 35 .79 1.613
10.1 35 .32 1.573
13.4 34.93 1.547
20 .3 34 .09 1.489
( n )  From Morrison and Billett^^
t / “C 10'+ K/T 1og(s/cm3 k g " i )
12 .7 34 .99 1.561
13 .5 34 .90 1.551
17.3 34 .43 1.513
21 .5 33 .94 1.479
30 .0 32.99 1.423
3 9 .4 32 .00 1.368
49 .3 31 .02 1.324
58 ,5 30 .16 1.296
65 .3 29 .55 1.279
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(b ) In  aqueous e th a n o l, fo r  the fo llo w in g  mole fra c t io n s  (x ) o f  ethanol ; see a ls o  F igure  16
X t / * C 10'+ K/T )og(s/cm3 kg "l)
( 1 ) 4.7 «36.00 1.638
12.5 35.02 1.558
21 .8 33.91 1.480
0 .0 0 8 31 .0 32.88 1.419
4 0 .2 31.92 1.364
51 .0 3 0 . 8 5 1.326
60 .5 29 .98 . 1.301
(3 ) 6 .2 35 .80 1.635
13.0 34.96 1.572
22 .8 33 .80 1.494
0 .0 3 2 31 .7 32,80 1.439
40 .7 31.87 1 . 3 9 5
51.1 30.84 1.353
61 .4 29 .90 1.329
5.6 35 .88 1.586
(5 ) 7.7 35.61 1.568
13.2 34.93 1.542
0 .0 9 7 20 .2 34.10 1.502
31.1 32.87 1.468
40 .3 31.91 1.444
51 .6 30,79 1.427
60 .9 29 .94 1.422
4 .4 36.03 1.564
(7 ) 15.5 34.65 1.550 .
0 .1 6 2 35 .7 32 .38 1.540
58 .8 30.13 1.568
( 9 ) 4 .7 36 .00 1.829
0 .3 1 4 10.4 35 .28 1.828
25.1 33.55 1.839
45 .2 31 .42 1.853
( 1 1 ) 4 .6 36.01 2.287
0 .7 80 21 .2 33 .98 2 .296
41.1 31.83 2.301
58 .8 30.13 2.306
X t / * C 10*+ K/T log(s/cm3 k g " l )
(2 ) 4 .6 36.01 1.648
12.0 35 .08 1.580
2 1 .8 33.91 1.497
0.021 3 2 .2 32 .76 1.430
4 1 .2 31 .82 1 .3 7 9 ,
59 .3 30 .0 8 1.325
4.1 36 .07 1.633
(4) 12.3 35 .04 1.569
22 .2 33 .87 1.498
0.063 3 3 .2 32 .65 1.435
40 .2 31 .92 1.418
5 7 .2 30 .27 1.389
4 .6 36.01 1.568
(6) 12.4 35 .03 1.535
24 .3 33 .63 1.496
0^120 46.4 31 .30 1.469
59 .8 30 .04 1.470
4 .6 36,01 1.660
(8) 21 .2 33 .98 1.661
0.229 41 .2 31 .82 1.665
49 .4 31.01 1.681
60 .3 29 .99 1.692
(10) 4 .6 36.01 2.041
0.493 22 .2 33 .87 2 .0 44
41 .7 31 .77 2.063
60 .0 30 ,02 2.081
(12) 5 .8 35 .85 2 .4 30
0.992 21 ,7 33 .92 2 .437
40 .2 31 .92 2.438
57 .7 30 .23 2.439
S o l u b i l i t y  curves f o r  oxygen in aqueous ethanolFIGURE 16
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(c )  In aqueous t -butano l fo r  the fo l lo w in g  mole f r a c t io n s  (x ) o f  t- -butanol : see a ls o  Figure 17.
X trc 10** K/T lo g (s /c m 3  kg“ l ) X t /"C 10“ K/T logCs/cm^.kg"!)
( I ) 4 .6 36.01 1.631 (2) 4 .8 35 .98 1.638
12.4 35.03 1.554 5 .7 35 .87 1.629
19.7 34 .16 1.495 12.5 35 .03 1.563
0 .0 0 6 23 .4 33 .72 1.459 0.014 23 .9 33 .67 1.469
31.1 32 .87 1.419 31.1 32 .87 1.417
45 .4 31 .40 1.344 35.3 32 ,43 1.392
59 .8 30 .04 1.296 41 .3 31.81 1.366
52,1 30 .75 1.336
59 .9 30.03 1.312
60 .4 29 .99 1.312
4 .4 36.03 1.630 5 .2 35 .93 1.590
(3 ) 12.5 35 .02 1.548 (4) 12.4 35 .03 1.517
22 .8 33 .80 1.466 21 .2 33 .98 1.469
0 .0 2 2 31 .6 32 .82 1.418 0.032 32.1 32 ,77 1.416
41 .3 31.81 1.370 41 .2 31 .82 1.386
51 .5 30 .80 1.338 51 .0 30 .85 1.373
61 .4 29.90 1.313 60 .9 29.94 1.351
4 .7 36.00 1.545
(5) 12.9 35 .02  . 1.504 (6) 10.5 35 .27 1.470
21 .7 33 .92 1.446 23 .8 33 .68 1.460
0 .0 4 4 3 1 .6 32 .82 1.424 0.062 37 .8 32 .17 1.467
41 .8 31 .76 1.393 54 .4 30 .54 1.483
51 .6 30 .79 1.398
62 .0 29.84 1.399
4 .7 36 .00 1.575 4.6 36.01 1.850
(7) 14.7 34 .74 1.588 (8) 15.0 34.71 1.860
0 .093 37 .3 32 .22 1.614 0 .180 26 .4 33 .38 1.864
48 .5 31 .09 1.630 37 .6 32 .19 1.882
60 .4 29.98 1.638 48.3 31.11 1.882
60 .6 29 .97 1.904
(9) 4 .7 36.00 2,087 (10) 5 .3 35 .92 2.331
0 .3 1 4 22 .2 33.87 2.111 0.596 21 .8 33.91 2,325
40 .7 31 .87 2.113 39 .4 32 .00 2.338
60 .3 29.99 2.124 58.3 30 .17 2.354
S o l u b i l i t y  curves f o r  oxygen in aqueous t -b u tan o l  














(a )  In Water
( î )  Author’s vs'sults
trc 10** K/T log(s /cm3 k g " l )
4 .5 36 .0 2 3 .1 59
6 .4 35.77 3 .1 28
9 .9 35 .34 3 .0 74
2 4 .7 33 .58 2 .8 82
4 0 .2 31 .92 2.721
55.1 30 .47 2 .6 09
6 0 .0 30 .02 2.575
( i f )  From Morrison and Bitîett^^
trc 10** K/T l o g ( s / c m 3  k g ' l )
1 4 . 9 3 4 . 7 2 3.008
1 9 . 8 3 4 . 1 4 2.945
2 5 . 8 3 3 . 4 6 2.876
3 0 . 3 3 2 . 9 6 2.823
3 4 . 3 3 2 . 5 3 2.787
4 6 . 4 3 1 . 3 0 2 . 6 7 1
5 1 . 1 3 0 . 8 4 2.633
5 4 . 3 3 0 . 5 5 2 . 6 1 1
6 3 . 1 29.74 2 . 5 4 6
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(b ) In  aqueous e th a n o l, fo r  the fo llo w in g  mole fra c t io n s  (x ) o f ethanol : unpubtished results of
T.J. Morx^ ison : see a ls o  F igure  18,
X t / ”C 10“ K/T log(s /cm3 kg"^)
(1) 4 .6 36.00 3 .1 48
0.021 7 .5 35 .65 3 .103
12.7 35 .00 3 .0 32
(3) 4 .2 36 .07  • 2 .986
4 .4 36.03 2 .986
0 .1 6 2 13.9 34 .84 2,924
31 .3 32 .85 2.813
46 .5 3 1 .29 2 .728
(5) 4 .3 36 .05 3 .515
12.5 35 .00 3 .455
0 .7 4 2 25 .9 33 .45 3.363
33 .7 32 .60 3.307
44 .7 31.46 3 .2 39
X t / " C 10“ K/T log(s/cm3 k g " l )
(2) 4 .8 3 5 .9 8 3 .092
12.7 35 .00 2.985
0.066 26 .4 33 .40 2.859
36 .9 32 .30 2.757
48 .6 31 .10 2.680
(4) 4 .9 35 .97 3 .163
14.1 34 .90 3.096
0.311 25 .0 33 .55 3 .050
25 .7 33 .50 3.039
39 .0 32 .06 2.968
48 .4 31.20 2.940
(6) 5.1 35 .95 3 .638
30 .5 32 .94 3 .434
0.980 44 .9 3,1.45 3 .330
S o l u b i l i t y  curves f o r  carbon d io x id e  in aqueous 




(c )  In  aqueous t-b u ta n o l fo r  the fo llo w in g  mole fra c t io n s  (x ) o f t-b u ta n o l : unpublished results
of T,J. MorvisoKj except for numbers 7^  d, 9, and 10j determined by the author ; see a ls o
F ig u re  19.
X t / ° C lO*» K/T log(s /cm3 kg"l)
(1) 4 .0 36 .08 3 .1 3 2
14.9 34 .72 2.970
0 .0 2 0 29 .9 33.01 2.804
40 .2 . 31.93 2.710
50 .0 30 .97 2.630
60 .0 30 .02 2 .568
(3) 4.9 35 .97 2 .996
14.7 34 .74 2 .902
0 .0 5 2 25.1 33 .54 2.797
40 .0 31.95 2.698
54 .8 30 .50 2.621
(5 ) 5 .4 35.91 3.062
14.9 34 .72 3.009
0 .1 9 0 25 .2 33.53 2.945
35 .2 32.43 2.917
44 .9 31 .45 2.888
(7) 5 .0 35 .96 3.287
14 .8 34.73 3.226
0 .3 6 5 ' 24 .8 33.57 3.186
35 .0 32 .46 3 .1 38
44 .6 31.48 3.109
55 .0 30.48 3.077
(9 ) 9 .7 35.37 3.381
25.1 33 .54 3 .3 19
0 .7 8 2 35 .3 32.42 3 .280
44 .4 31 .49 3.259
54 .9 30 .49 3.228
(11) 15.3 34.67 3 .396
25.1 33.54 3 .354
0 .9 38 35.1 32.44 3 .319
44 .9 31.45 3.289
54 .9 30.49 3 .2 62
X t / * C 10^ K/T log(s/cm^ kg“ l )
(2) 3 .9 36 .10 3 .086
15.0 34 .69 2.934
0.030 30.1 32 .98 2 .773
49 .9 30 .96 2.625
63 .3 29.73 2.564
74.1 28 .80 2 .485
(4) 7.1 35 .6 9 2 ,930
25.1 33 .54 2.811
0 .078 44 .9 31 .45 2 .712
59 .4 30 .08 2 .666
(6) 6 .2 3 5 .80 3 .119
15.1 34 .69 3 .067
0 .226 35.1 32 .45 2 .982
49 .9 30 ,96 2 .932
(8) 5 .0 35 .96 3.363
14.5 34 .77 3.318
24 .9 33 .56 3.269
0.544 34 .9 32.47 3.234
44 .5 31 .49 3.193
55 .0 30 .48 3.161
(10) 4 .7 35 .99 3 . 449.
9 .7 35 .37 3 .416
0 .876 14.6 34 .75 3.387
24 .5 3 3 .60 3.343
39 .8 31 .94 3 .285
44 .9 31 .45 3 .274
54 .8 30 .50 3.245
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CHAPTER 5 DISCUSSION OF RESULTS
1, PRESENTATION OF GRAPHS
The f i v e  gases have been used as probes to in v e s t i g a t e  the e f f e c t s  
of  ethanol  and t -b u ta n o l  on the s t r u c t u r e  of  w a t e r .  So f o r  each 
gas in turn  graphs have been drawn to  show the v a r i a t i o n  in several  
parameters w i th  increasing mole f r a c t i o n  of  a lc o h o l .  To f a c i l i t a t e  
comparison, the v a r i a t i o n s  f o r  both alcohols  are  presented on the  
same diagrams.  (For many of  the t - b u ta n o l  systems, e x t r a p o l a t i o n  
beyond x = 0 . 6  has been c a r r i e d  out  s ince experimenta l  r e s u l t s  a re  
scarce f o r  h igher  concentra t io ns  o f  t h is  a lc o h o l ,  due to i t s  high  
v i s c o s i t y  and f r e e z i n g  p o i n t . )
(a) S o l u b i l i t y  isotherms : Figures 20-27
The s o l u b i l i t y  increases by a f a c t o r  of  about ten when passing  
from pure water  to the pure a l c o h o l .  This Is shown In 
Figures 20,  21,  and 22 f o r  th ree  d i f f e r e n t  tempera tures ,  over  
the whole c o n ce n t ra t io n  range o f  the s o lv e n t .  I t  was found 
th a t  the s o l u b i l i t i e s  change most s i g n i f i c a n t l y ,  and w i th  an 
in t e r e s t i n g  o s c i l l a t i o n ,  over  the lower c o n ce n t ra t io n s .
Figures 23-27 t h e r e f o r e  g ive  isotherms on an expanded scale fo r  
X  = 0 ^  0 .3 *  For c l a r i t y ,  in te rm e d ia te  isotherms f o r  t -b u ta n o l  
so lu t io n s  are o m i t ted ,  but the t r a n s i t i o n  from one isotherm to  
the next  is smooth, as shown by the corresponding curves f o r  the  
ethanol s o l u t i o n s .
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(b) AG° isotherms : Figures 28-32
Since AG° = -2 .303RT log x^,
or AG® = f2 .3 0 3 R T [ 4 .3 5  + log(ng-hnQ) -  log s] , 
the var isation in AG® fo l lo w s  t h a t  in log s although in the  
opposite  d i r e c t i o n .  These isotherms do not cross one another,  
as many o f  the log s isotherms do, so t h a t  i n t e r p r e t a t i o n  is 
made e a s i e r ,  and temperature e f f e c t s  may be more e a s i l y  
i d e n t i f i e d .  They a re  presented in Figures 28 -32 f o r  the whole 
concent ra t ion  range of  s o lv e n t ,  and again the in te rm e d ia te  
isotherms f o r  t -b u ta n o l  s o lu t io n s  are om i t ted .  The p l o t t i n g  of  
these isotherms is c o n s is te n t  w i t h  the po ss ib le  e r r o r  of  0.5% 
in AG®, and a l l  po in ts  f a l l  on the l i n e s ,  a l though t h i s  is not  
shown to avoid congest ion .
(c) AH® and AS® isotherms : Figures 33~37
For each gas,  AH® and AS® isotherms are drawn on the same graph 
to  show how c l o s e ly  t h e i r  v a r i a t i o n s  resemble one another.Q
When in t e r p r e t i n g  these ,  however, the po ss ib le  e r r o r  o f  2-3% 
must be borne in mind, and in f a c t  the isotherms have been 
smoothed out  through a small amount of  s c a t t e r  In the these  
p o i n t s ,  a l though again not a l l  o f  these are shown.
(d) ACp® isotherms : Figures 38 -39
ACp® f o r  the s o l u b i l i t y  of  the d i f f e r e n t  gases has been est im ated ,  
I t  decreases as temperature r i s e s ,  but is appro ximately constant  
over the i n t e r v a l s  10-25*C,  and 30-50®C. I t s  poss ib le  e r r o r  is 
la rge  (-'10 J K"^) throughout,  but an i n d ic a t io n  of  i t s  dependence 
on mole f r a c t i o n  of  a lcohol  is given in f ig u r e s  38-39*  This  
dependence was found to  be l i n e a r  from x = 0 .4  1 .0 ,  and graphs
have been discont inued a t  x = 0 . 8 .
FIGURE 20 : S o l u b i l i t y  isotherms f o r  HELIUM and OXYGEN 
in aqueous a lcohols  o f  mole f r a c t i o n  x:
ethanol -  full lines; 
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FIGURE 21 : S o l u b i l i t y  isotherms f o r  HYDROGEN and CARBON DIOXIDE 
. - i -...... ■ in aqueous alcoho ls  o f  mole f r a c t i o n  x .........
ethanol - full lines; 
t-butanol -  broken lines
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FIGURE 22 : S o l u b i l i t y  isotherms f o r  ARGON In aqueous a lcohols
11.j - —111.1— of  mole f r a c t i o n  x; . ! -----------------    I 11._
ethanol -  full linesi 
t-hutanol -  broken lines
log (
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FIGURE 23 : S o l u b i l i t y  isotherms f o r  HELIUM in aqueous alcoho
■of! mole f ra c t ï% )m r
ethanol --full lines; - -





X ( a l c o h o l )
J





TTT%:f t *_t-■ t-f r4 T t i X T t l
n r T T
4-4- Ll4n-
T T U
-r 4—i 4- ~ rt-p -
TTTl
t r i 4XXC-#-
"t-"'Lp:
"f T-rr-ri' -t-i -t-T-rt --T+ rtr:
FIGURE 24 :• Solub 1 1 i tyjiîsotherms^forjHYDROGÉN ln‘ aq u eo u sa  1 coho












X ( a l c o h o l )
I
m n
25 : S o l u b i 1i ty sotherms f o r  ARGON In_aqueous, a l c o h o j i
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aqueous a lcohols  o f  mole f r a c t i o n  x:
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FIGURE 28 : AG° isotherms f o r  s o l u b i l i t y  o f  HELIUM in aqueous alcohols
of  mole f r a c t i o n  x
ethanoZ -  fuZt tines; 
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FIGURE 30 : AG° isotherms f o r  s o l u b i l i t y  of  ARGON in aqueous alcohols  
-  t  r  o f  mole f r a c t i o n  x: -  ,-----------1-----------------  T"”  T T T T I .
— 324 __________ethanol -  full lines;
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FIGURE 32 : AG° isotherms f o r  s o l u b i l i t y  of  CARBON DIOXIDE 
I . 1^1 in aqueous a lcoho ls  of  mole f r a c t i o n  x;
etboMoZ - - /w Z Z -Z tM gs;  :
t-butanol -  broken lines.
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and AS° Isotherms fo r  s o l u b i l i t y  of HELIUM in aqueous alcoholsFIGURE 33
of mole f r a c t io n  x
Full lines -  ethanol 
Broken lines - t-hutanol
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FIGURE 34 : AH” and AS° isotherms fo r  s o l u b i l i t y  o f  HYDROGEN in aqueous alcohols
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AH° and AS° fo r  s o l u b i l i t y  o f  ARGON in aqueous alcoholsFIGURE 35
of  mole f r a c t io n  x
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AH° and AS" fo r  s o l u b i l i t y  o f  OXYGEN Î n aqueous alcoholsFIGURE 36
of mole f r a c t io n  x
ethan o l  -  f u l l  lin e s  
i-b u ta n o t  -  broken lin e s
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FIGURE 38 : ACp° f o r  s o l u b i l i t y  o f  gases in aqueous alcoho ls  
of mole f r a c t i o n  x: . . .  . . . .  ;
ethanol - full lines; 
t-butanol -  broken lines200
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2,  GENERAL OBSERVATIONS
From Inspect ion o f  the foreg oing  graphs in f i g u r e s  20-39» two fe a tu r e s  
are  immediately apparent ,  which show the f u l f i l m e n t  o f  two o f  the  
o b je c t i v e s  qf  t h i s  i n v e s t i g a t i o n .
(a) The sets o f  f u l l  and broken l in e s  show e x a c t l y  the same trends and 
changes, although a t  d i f f e r e n t  ra tes ;  i . e .  both a lcoho ls  e x e rc is e  
the same kind of  in f lu e n c e  on the s o l u b i l i t y  of  a gas in w a te r .
The r a t e  a t  which t h i s  in f lu e n c e  is exer ted depends on the nature  
o f  the a l c o h o l ,  but i t s  d i r e c t i o n  and magnitude are  the same f o r  
each.  Thus a oomparison between the effects of the alcohols is 
clearly made,
(b) For any o f  the thermodynamic parameters,  e . g .  AH®, the p a t te r n  
f o r  a l l  o f  the gases is the same; i . e .  each gas is a f f e c t e d  in 
the same way by the a d d i t io n  o f  e i t h e r  a lc o h o l .  The po s i t ion s  
on the y-axes f o r  the d i f f e r e n t  gases may be d i f f e r e n t ,  but the  
d i r e c t i o n s ,  r a t e s ,  and magnitudes of  the changes are  about the 
same f o r  each of  them, p l o t t e d  as a fu n c t io n  of  mole f r a c t i o n  of  
a given a lc o h o l .  Thus, for monitoring -the effect of an alcohol 
on water structure^ , any of the gases used is suitable^  a lthough  
some may be more s e n s i t i v e  than o th ers .
I t  is a lso  noteworthy t h a t  the r e s p e c t iv e  parameters f o r  oxygen and 
argon are ne a r ly  the same throughout ,  and t h a t  the r e s u l t s  f o r  argon 
in aqueous ethanol  correspond c lo s e l y  w ith  those of  Ben Naim^O over  
the p a r t  o f  t h is  system which he i n v e s t ig a t e d ,  (The curves are  the  
same shape and in f a c t  correspond when standard s ta tes  are c o r r e la t e d )
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I t  th e r e f o r e  remains now to comment on some d e t a i l s  of  these  
observ a t ion s ,  and seek t h e i r  re levance to the problem o f  the s t r u c t u r e  
o f  water  under the headings o f  the e f f e c t s  o f  a lc o h o ls ,  the e f f e c t s  of  
temperature ,  and the e f f e c t s  of  gases.
3.  EFFECTS OF ALCOHOLS ON WATER STRUCTURE
(a)  V a r i a t i o n  in gas s o l u b i l i t i e s
Figures 20 -27 ,  where log s is p l o t t e d  aga in s t  mole f r a c t i o n  o f  
a lc o h o l ,  show t h a t  a t  lower temperatures ,  f o r  each of  the gases,  
the s o l u b i l i t y  increases s l i g h t l y  to a maximum (except  f o r  CO2 ) , 
then decreases n o t ic e a b ly  to  a minimum, before  r i s i n g  f a i r l y  
s t e a d i l y  to i t s  higher va lu e  f o r  the pure a lc o h o l .  Increasing  
temperature smooths out  these extrema u n t i l  they disappear  
a l t o g e t h e r  in a shal low p o in t  o f  i n f l e x i o n .  T h e i r  p o s i t io n s  are  
r e l e v a n t  to s t r u c t u r a l  e f f e c t s ,  and are summarised in the 
f o l lo w in g  tab le s  der ived  from f ig u re s  23-27 :
( i )  mole fractions for maxima:
gas
ethanol t -b u tan o l
4.7°C 21 °C 4.7°C 21 ®C
He 0 .03 0 .05 0 .006 0 .008
H2 0 .03 0 .045 0 .006 0.01
Ar 0.035 0 .0 45 0 .008 0.01
O2 0.03 0 ,04 0.01 0.01
CO2 - - - —
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(11)  mote fractions for minima:
gas
ethanol t - b u ta n o l
4.7°C 21®C 4 . 7 * 0 21 ®C
' He 0 .1 35 0.11 0 .047 0.043
H2 0 .130 0.095 0 .054 0 .045
Ar 0 .135 0 .10 0 .0 6 0 .0 45
O2 0 .14 0 .095 0 .0 65 0 .05
. CO2 0 .1 45 0 ,135 0.105 0 .09
From these tab les  i t  can be seen t h a t  the p o s i t io n s  of  these  
extrema depend on temperature and on the a lc o h o l ,  but ,  except  f o r  
CO2 , they seem to be independent of  the gas. In t h i s  sect ion  
a t t e n t i o n  is focussed on the e f f e c t s  o f  the a lco h o ls .
This same in form at ion  is o b t a in a b le  from f i g u r e s  28-32 where AG® 
is shown as a fu n c t io n  o f  x .  The extrema are o f  course in v e r te d ,  
but t h e i r  p o s i t io n s  correspond to  those on the log s isotherms  
and show the same p r o p e r t i e s .
Now i t  w i l l  be re c a l l e d  (see P . 46) t h a t  when gas s o l u b i l i t y  is 
used to i n v e s t ig a t e  water  s t r u c t u r e ,  i t  is u s u a l ly  assumed t h a t  
s o l u b i l i t y  is r e la t e d  to the amount of  organised s t r u c t u r e  in 
the l i q u i d .  This is because the s o l u b i l i t y  of  most gases in water  
is accompanied by a negat iv e  AH® and a negat iv e  AS®; i . e .  the  
making o f  chemical bonds and a decrease in the d iso rde r  of  the  
system, and t h e r e f o r e  c l u s t e r  s t a b i l i s a t i o n .  When the s o l u b i l i t y  
decreases,  both AH® and AS® become less n e g a t iv e ,  i . e .  less  
c l u s t e r  s t a b i l i s a t i o n  has been poss ib le .  So i t  is now necessary  
to inspect  the AH® and AS® curves.
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(b) V a r i a t i o n  în AH® and AS®
The ex is tence  of  maxima and minima on s o l u b i l i t y  isotherms depends 
on the kind of  changes in the s t r u c t u r e  o f  water  brought about by 
the a lc o h o ls .  This is e lu c id a t e d  by re fe ren ce  to  f ig u r e s  33"37 
where AH® and AS® isotherms are  drawn, and the fo l lo w in g  fea tu re s  
are  seen.
( i )  AH® and AS® changes correspond to one another .  in f a c t ,  a 
B a r c l a y - B u t 1er  p lo t^s (AH® vs,  AS®) is l i n e a r  f o r  a l l  the  
systems a t  low alcohol  c o n cen t ra t io n s .  This suggests t h a t  
the same s t r u c t u r a l  e f f e c t s  a re  responsib le  f o r  the changes 
in both o f  these fu n c t io n s .
( i i )  From x = 0 up to  the p o s i t io n s  of the maxima on the s o l u b i l i t y  
isotherms, the AH® and AS® values change but s l i g h t l y .  So 
very  low concentra t ions  of  a lcohol  do not d e s t a b i l i s e  but may 
even tend to s t a b i l i s e  the organised s t r u c t u r e  in w a te r .
( i i i )  From these p o s i t io n s ,  t h e r e  Is a rapid and smooth change in 
the func t io ns  in the p o s i t i v e  d i r e c t i o n ,  u n t i l  the po in t  is 
reached where the curve n o t ic e a b ly  d e f l e c t s ,  and values  
remain n e a r ly  constant  throughout the r e s t  o f  the co n c en t ra t io n  
range.  (This po in t  w i l l  h e r e a f t e r  be r e f e r r e d  to as the  
“ d e f l e c t i o n  p o in t "  in the cu rv e s ) .  From t h i s  i t  seems 
reasonable to  i n f e r  t h a t  as the alcohol  co n cen t ra t io n  
increases,  i t  r a p id ly  d e s t a b i l i s e s  the  s t r u c t u r e  o f  w a t e r ,  so 
t h a t  when a gas d isso lv es  less bond-making and d iso rd er  
decrease is p o ss ib le ,  u n t i l  a t  the d e f l e c t i o n  p o in t  in the  
curve,  a l l  the organised s t r u c t u r e  o f  water  has disappeared.
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The w a t e r - a 1cohol m ix tu re  then behaves “ norm al ly" over the  
r e s t  of  the conc en t ra t io n  range,  and the s o l u b i l i t y  of  the  
gas in the alcohol  component takes cont ro l  o f  the thermo­
dynamic f u n c t io n s .  No f u r t h e r  s t r u c t u r a l  e f f e c t s  are  
p o ss ib le  in the system, so t h a t  AH® and AS® show no 
unexpected changes.
( i v )  On most of  the curves ,  t h i s  d e f l e c t i o n  p o in t  shows a 
temperature dependence, which is probably the same as t h a t  
f o r  the minimum in the log s isotherm, al though less c l e a r l y  
seen here due to  the la r g e r  probable e r r o r  in these  
fu n c t io n s .  At  higher temperatures less alcohol  is needed to  
produce the d e f l e c t i o n  p o i n t ,  so less of  the organised  
s t r u c t u r e  must have been present  in the w a t e r .  Thus both 
higher temperature and alcohol  molecules c o - o p e r a t i v e l y  
decrease the t o t a l  amount of  organised s t r u c t u r e  in w a te r .  
This is a lso  suggested by the observat io n  t h a t  the e x t e n t  o f  
the change in AH® or AS® from x = 0 up to  the- d e f l e c t i o n  
p oin t  is in v e rs e ly  r e la t e d  to tem perature.  Some q u a n t i t a t i v e  
aspects of  t h is  temperature e f f e c t  w i l l  be discussed l a t e r .
(v) For any of  the gases in w a t e r ,  i . e .  a t  x = 0,  the magnitudes  
of AH® and AS® decrease as temperature increases.  Again t h is  
suggests t h a t  increas ing temperature tends to  des troy  the  
organised s t r u c t u r e  in water  and so s t r u c t u r a l  e f f e c t s  on 
the fu nc t ions  a re  lessened.
The conclusions suggested by these fea tu re s  a re  a ls o  supported by 
the ACp® curves,  s ince a p o s i t i v e  ACp® is r e la t e d  to the ex is te n ce  
of  hydrogen-bonded s t r u c t u r e s  which can absorb energy.  Figures  
38-39  show th a t  t h is  f u n c t io n  decreases towards ze ro ,  a t  the same 
r a t e  as do the o th e rs ,  w h i l e  a lcohol  concent ra t io n  increases.
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(c) Comparison between the alcohols
There is ample evidence e s p e c i a l l y  in f ig u r e s  23-2? f o r  A r n e t t ' s  
statement (see P .7) t h a t  t -b u ta n o l  exaggerates the extrema of  
aqueous a lco h o ls .  A lso ,  as he found f o r  o ther  p ro p er t ies^® ,  the  
mole f r a c t i o n  of  0 .0 4  is seen to  be a c r i t i c a l  one a t  25°C f o r  t h i s  
a lc o h o l .  The graphs o f  AH®, AS®, and ACp® show, however, t h a t  t h i s  
exag gera t ion  is not due to e x t r a  s t r u c t u r a l  changes, but r a t h e r  a 
more rap id  onset  o f  these.  Here in  l i e s  the key p o in t  of  comparison 
and c o n t ra s t  between the two a lc o h o ls .  The increase  in log s 
occurs e a r l i e r  f o r  t - b u ta n o l  in w a te r ,  but  is not so la rg e ;  and 
the decrease from th is  maximum to  i t s  minimum is steeper  and 
somewhat g r e a t e r .  T h e r e a f t e r  the s o l u b i l i t i e s  in each m ix tu re  
change s i m i l a r l y .
»
The r e l a t i v e  p o s i t io n s  o f  the extrema f o r  the two alcohols  t h e r e f o r e  
present  some q u a n t i t a t i v e  po in ts of  c o n t r a s t .  The f a c t  t h a t  these  
do not occur a t  the same mole f r a c t i o n  f o r  each alcohol  shows t h a t  
the s t r u c t u r a l  e f f e c t s  are not due s o le l y  to  the -OH group which 
is the same f o r  both a lc o h o ls ,  but  ra th e r  due to the a lk y l  groups 
which d i f f e r  in s i z e  and shape. In support  of  t h i s ,  Franks and 
Reid%9 have shown t h a t  the h yd ra t ion  o f  a lcohols and of  the  
corresponding alkanes are thermodynamical ly  very  s i m i l a r ,  i . e .  the  
hydrophobic p ar t  of  the alcohol  molecu le ,  l i k e  an a lkan e ,  is 
responsib le  f o r  i t s  s t a b i l i s i n g  e f f e c t  on the organised s t r u c t u r e  
in water .
On t h is  bas is ,  a c lo ser  in spect ion  of  the maxima and minima may be 
c a r r i e d  out .
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( I )  The maxima on the log s curves f o r  aqueous ethanol and t -b u ta n o l  
can be compared in th is  work,  but a wider  comparison is poss ib le  
using Ben Naim's r e s u l t s  f o r  argon in aqueous m e t h a n o l F o r  
argon s o l u b i l i t y ,  the maxima have the fo l lo w in g  p r o p e r t ie s :
Alcohol methanol ethanol t -b u ta n o l
R e l a t i v e  he ight  (4.7®C) 6 3 1
Mole f r a c t i o n  (4.7®C) 0.05 0.03 0 .006
Highest  temperature 10*C 15°C 35®C
Now the ex is ten ce  of  a maximum implies an increase  of  organised  
s t r u c t u r e  iin the system. The above ta b le  t h e r e f o r e  shows th a t  
as the a l k y l  group increases in s i z e ,  less s t a b i l i s a t i o n  of  the  
s t r u c t u r e  is poss ib le  a t  4 . 7 ° C ,  using less o f  the a lc o h o l ;  but  
the e f f e c t  p e r s is t s  to a h igher  temperature .  This could mean 
t h a t  the sm al ler  a l k y l  groups can best s t a b i l i s e  the la r g e r  
c l u s t e r s  o f  wate r  molecules .  At the lowest  temperatures the  
g r e a t e s t  p ropor t io n  of  these e x i s t s ;  so the sm al ler  the alcohol  
molecu le ,  the g r e a t e r  the t o t a l  s t r u c t u r e  promotion a t  4 .7 °C .
On the o ther  hand, i f  the l a r g e r  a l k y l  groups can best  s t a b i l i s e  
sm a l le r  c l u s t e r s ,  the p ro p o r t ion  of  which is sm a l les t  a t  lowest  
temperatures ,  then l e a s t  organ is ing  e f f e c t  w i l l  be shown by the 
l a r g e s t  a lcohol  molecules a t  4 . 7®C. These, however,  w i l l  s t i l l  
be ab le  to increase organised s t r u c t u r e  a t  h igher temperatures ,  
where the la r g e r  c lu s t e r s  have ceased to e x i s t .
This p i c t u r e  has been suggested ra th e r  than proved from t h is  
work. There does appear to be some c o r r e l a t i o n  between the  
s i z e  of  the a l k y l  group and s t r u c t u r e  s t a b i l i s a t i o n .  Indeed,  
f o r  the low alcohol  con cen t ra t io n  th is  maximum could correspond  
to the s o l u b i l i t y  of  the a p p r o p r ia te  a lkane in water  a t  th a t
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temperature ,  where s i m i l a r  s t r u c t u r a l  e f f e c t s  would o p era te ,  
as was suggested by Franks and Reid^^ -  see P.104 .
( i i )  A s i m i l a r  comparison o f  the minima could now be c a r r i e d  ou t .  
However, i t  Is more r e le v a n t  to  compare the d e f l e c t i o n  po ints  
on the AH® and AS® curves s in ce  these a re  more d i r e c t l y  r e la t e d  
to  s t r u c t u r a l  changes, and can be est imated w i th  reasonable  
accuracy .  The d e f l e c t i o n s  in AH® curves are  sharper than those  
in AS® curves,  so t h e i r  p o s i t io n s  are more a c c u r a t e ly  found and 
are tab u la ted  below. For a s i m i l a r  reason the data f o r  
t -b u ta n o l  tend to be more accura te  than those f o r  e t h a n o l .
Mote fractions for deflection points in àH° curves:
gas
ethanol t -b u ta n o l
4.7®C 2 1 .0°C 39.4®C 60.2®C 4.7*C 2 1 .0®C 39.4®C 60 .2°C
He 0 .3 0 .3 0.3 0 .2 0 .1 5 0 .12 0.1 0 .07
H2 0.3 0 . 2 0 .15 0 .15 0 .1 5  • 0.1 0 .06 0 .04
Ar 0 .22 0 .2 2 0 .22 0 .2 2 0 .1 2 0.11 0 .08 0 .07
O2 0 .2 4 0 .2 2 0 .18 0 .1 6 0 .1 0 0 .0 9 0 .08 0 .0 7
CO2 0.23 0.23 0.23 0 .22 0,23 0 .17 0.1 0.1
These d e f l e c t i o n  p o in t s ,  l i k e  the extrema,  a re  seen to depend on 
temperature and the a lc o h o l ,  but  very l i t t l e  on the gases except  
carbon d io x id e .
The alcohols  can t h e r e f o r e  be compared once ag a in ,  incorpora t in g  
Ben Naim's r e s u l t s  f o r  m e t h a n o l F o r  the s o l u b i l i t y  of  argon,  
the mole f r a c t i o n s  f o r  the d e f l e c t i o n  points a re  as fo l lo w s :
A1cohol: methanol ethanol t -b u tan o l
a t  "5°C 0 .5 0 .22 0 .1 2
a t  ~20®C 0 .4 0 .22 0.11
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These mole f r a c t i o n s  represent  the q u a n t i t i e s  of  a lcohol  requi red  
to br ing  about complete disappearance o f  an organised s t r u c t u r e  
in w a te r .
At each temperature,  t h e i r  r a t i o  is about the same, i . e .  
approximately 4 : 2 : 1 ,  which is a lso  the approximate r a t i o  o f  the  
s iz e s  of  the a l k y l  groups in the alcohol  molecu les.  This, suggests 
th a t  the d e s t a b i l i s i n g  e f f e c t  of  a lcoho ls  on water  s t r u c t u r e  is 
p ro p o r t io n a l  to the s i z e  of  t h e i r  a l k y l  groups,  i . e .  to  the  
hydrophobic nature  of  the molecules.
These mole f r a c t i o n s  a ls o  correspond to the p os i t io ns  o f  minima 
on graphs showing heats of  mixing f o r  those a lcohols  in wate r  as 
given by Franks and Ives^®. At 25®C the minima occur a t  mole 
f r a c t i o n s  of  0 . 3 2 , 0 . 2 2 ,  and 0 .09  r e s p e c t i v e l y ,  i . e .  very  close  
to  the values a t  20®C above, and in the same r a t i o .  These mixing  
e f f e c t s  thus appear to have the same s t r u c t u r a l  bas is .
In summary^  therefore^  it may be aoncluded that the effect of an 
alcohol on water structure^ whether for stabilising or destabilising 
clusters, depends on the size of its alkyl group.
4.  EFFECTS OF TEMPERATURE ON WATER STRUCTURE
As on P . 102 i t  can be assumed t h a t  where the AH® and AS® curves show 
t h e i r  d e f l e c t i o n  p o in t s ,  s t r u c t u r a l  o rg a n is a t io n  in the water  has been 
removed by the alcohol  added. So f o r  any isotherm, the d i f f e r e n c e  
between the AH® (or  AS®) va lu e  a t  t h is  po in t  and i t s  va lu e  f o r  water  
depends on the amount of  o rg a n is a t io n  which was o r i g i n a l l y  present  in 
water  a t  t h a t  temperature;  i . e .  t h i s  A(AH®) or a (AS°) is p ro p o r t io n a l  
to the degree of  o rg a n is a t io n  in water  a t  the given temperature .
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These data from d i f f e r e n t  isotherms can t h e r e f o r e  g iv e  a q u a n t i t a t i v e  
es t im ate  of  the e f f e c t  o f  temperature on water  s t r u c t u r e .
E i t h e r  the ethanol or t - b u ta n o l  data may be used, s in ce  both a lcohols  
are ,s een  to produce about the same change in AH® or AS® a t  a given  
tem perature .  The t - b u ta n o l  curves ,  however, show the sharper  
d e f l e c t i o n s  and so w i l l  p rovide  the b e t t e r  values of  A(AH°) and A(AS®), 
which are ta b u la ted  below, der ived  from f ig u r e s  33”37* Also,  i f  4.7®C 
is taken f o r  re fe re n ce ,  where the o r g a n is a t io n  is h igh,  then the  
percentage l e f t  of  t h is  s t r u c t u r e  a t  any other  temperature is found by 
d i v i d i n g  th a t  A(AX®) va lue by i t s  va lu e  a t  4.7®C. The average of  these  
percentages is given in the l a s t  l i n e  of  the t a b l e .
à(àX°) values for gases in aqueous t-butanol
A(AH®)/kJ A(AS®)/J K - i
bas
4.7®C 21 ®C 39.4®C 60,2®C 4.7®C 21 ®C 39.4®C 60.2°C
He 11 10 7 . 8 6 48 40 32 25
^2 11.5 10 8 .2 7 48 40 ■ 36 31
Ar 16 14 11 8 63 51 42 32
O2 17 14 11 8 .4 63 53 43 33
CO2 15 13 11 9 60 50 42 38
Average 
r e l a t i v e  % 100 88 70 55 100 83 70 55
These values are a lso  p lo t t e d  a g a in s t  temperature on f i g u r e  40.  This  
graph and the above t a b l e  show again t h a t  every one o f  the gases 
behaves s i m i l a r l y ,  and t h a t  the amount of  o rg a n is a t io n  in the s t r u c t u r e  
of water  s t e a d i l y  decreases as temperature increases.  There is no 
evidence here f o r  a t r a n s i t i o n  p o in t  around 35®C as suggested by
FIGURE ko : A(AX°) values f o r  gases in aqueous t -b u tan o l











Franks and Ives^^ and o ther  co-workers?^ Also from the r e l a t i v e  
percentages and the s l i g h t  cu rva tu re  in the graphs I t  Is c l e a r  t h a t  
w h i le  the degree of  o r g a n is a t io n  In the s t r u c t u r e  cont inues to  
decrease,  I t  does not become zero  up to the b o i l i n g - p o i n t  of  wate r  
(unless somé u n l i k e l y  t r a n s i t i o n s  occur between 60°C and 100*C).
ThiB method therefore provides retiabte experimental estimates of 
the degree of organisation in the struoture of water at different 
temperatures,
A few o th er es t imates  of  t h i s  were presented on P . 49,  and the s c a t t e r  
among them shows how approximate they were.  I t  Is concluded from 
t h i s  p a r t  of  the w o r k - t h a t  I f  the mole f r a c t i o n  o f  water  w i th  an 
organised s t r u c t u r e  a t  5°C Is 0 . 7 5 ,  as f r e q u e n t l y  assumed, then a t  
20®C I t  Is about 0 . 6 4 ,  a t  40°C about 0 . 5 3 ,  and a t  60®C about 0 , 4 1 .
By e x t r a p o l a t i o n .  I t  Is expected to  be about 0 .2 5  a t  100*C, so t h a t  
over the l i q u i d  range of  w a t e r ,  from 0 100°C, the o r g a n is a t io n  of
s t r u c t u r e  decreases by about t w o - t h i r d s .  These are s i g n i f i c a n t  and 
usefu l  r e s u l t s ,  based on much exper imental  evidence.
5.  EFFECTS OF GASES ON WATER STRUCTURE
( I )  The r e l a t i v e  e f f e c t s  which gases have on water  s t r u c t u r e  can 
be deduced from t h e i r  s o l u b i l i t i e s  In water  by the magnitudes 
of t h e i r  AH® and AS® va lu es .  So I f ,  f o r  example, 4 .7°C  Is 
taken as a re fe rence  tempera ture,  helium has l e a s t  s t r u c t u r a l  
e f f e c t s ,  fo l lo wed by hydrogen, then argon and oxygen very  close  
t o g e t h e r ,  w i th  carbon d io x id e  having most e f f e c t .  For these  
f i r s t  fo ur  gases,  the e f f e c t s  can again be r e l a t e d  to the s i z e
n i
o f  t h e  s o l u t e  m o l e c u l e s  ( s ee  a l s o  P . 336 o f  R e f e r e n c e  2 9 ) ,
For carbon d i o x i d e ,  the e x t r a  la rge  s t r u c t u r e  promotion Is 
probably due to  the ions introduced in to  the w ater  by i t s  
ac id -base  r e a c t i o n .  Compared w i th  the others t h i s  gas shows 
values which are  only l a r g e r ,  suggesting t h a t  a s i m i l a r  
mechanism operates f o r  them a l l .  Hydra t ion o f  Ions and 
longer range e l e c t r o s t a t i c  e f f e c t s  w i l l  produce ordering  In 
the system, as does the I n t e r a c t i o n  o f  n eu t ra l  gas molecules  
w ith  c l u s t e r s .  This Is c o n s is ten t  w i th  m ix tu re  models 
o u t l i n e d  In Chapter  3 ,  f o r  which th is  I n t e r a c t i o n  has been 
described as non-polar  h y d r a t io n .  Eley®^ a ls o  showed how non­
p o la r  molecules can I n t e r a c t  w i th  only a l im i t e d  number of  
s i t e s  In w a te r ,  w h i l s t  Ions can I n t e r a c t  w i th  any water  
molecules.  Also,  Frank and Evans^O suggested t h a t  the la r g e r  
the s o lu t e  molecu le ,  the more " Ice bergs"  e x i s t e d .
( I I )  More In f o r m a t i v e ,  however, Is the ex is te n ce  of  a minimum on the 
s o l u b i l i t y  curve ( log  s vs,  1/T) f o r  a gas, where, f o r  the 
ac tua l  s o lu t io n  process, AHg and ASg are both ze ro .  This Is 
because
= d log T~ -
SO t h a t  a t  a minimum, both fu nc t ions  are  ze ro .  (Also AHg = AH® 
since  the s o l u t io n  Is Ideal  and AH = 0 f o r  d i l u t i n g  the gas 
s o lu t i o n  from x = 1 to x = x^; ASg = AS® -  R &n x^ s ince  the  
s o lu t io n  Is Idea l  and d i l u t i n g  the gas s o lu t i o n  from x = 1 to  
X = x& Involves AS = R £n x/\ .  So ASg could be c a l c u l a t e d ,  but  
need not be, s ince as above, AHg and ASg are  both zero  
s im u l ta n e o u s ly . )
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At the temperature of  a minimum there  Is In the so lv en t  some 
property  of  I t s  s t r u c t u r e  which Is c r i t i c a l  f o r  t h a t  gas -  
l e t  us say s i z e  of  c l u s t e r s .  At lower tem peratures,  AHg and 
ASg are  both n e g a t iv e .  I . e .  the s o l u b i l i t y  o f  the gas promotes 
the o r g a n is a t io n  o f  s t r u c t u r e .  At higher tem pera tures ,  AHg 
and A$s are both p o s i t i v e ,  I . e .  the s o l u b i l i t y  of  the gas 
promotes d i s o r g a n is a t io n  of  s t r u c t u r e .
Now minima are found to  e x i s t  on s o l u b i l i t y  curves f o r  water  
and f o r  many of  the d i l u t e  alcohol  s o lu t io n s ,  but a t  d i f f e r e n t  
temperatures .  So temperature and amount of  a lcohol  added to  
water  are seen to a f f e c t  t h i s  c l u s t e r  s i z e ,  and from the  
p o s i t io n s  o f  these minima, the two e f f e c t s  can be r e l a t e d .
(a) Minima e x i s t  when AH® = 0.  So f o r  a re fe ren ce  temperature  
of  4.7®C, from Figures 3 3 -3 7 ,  the r e le v a n t  concentra t ions  
of alcohol  can be found.  They are l i s t e d  below (x^) along 
w i t h  the mole f r a c t i o n s  f o r  the d e f l e c t i o n  po in ts  In the  
AH® curves (x^) f o r  t -b u ta n o l  ( th e  data f o r  which a re  more 
a c c u ra t e ly  o b t a in e d . )  The amount o f  a lcohol  added to water  
has a l read y  been r e l a t e d  to  the degree o f  s t r u c t u r e -  
breaking a t  a given temperature (see P . 107 ) ,  I . e .  f o r  Xj  In 
the t a b l e ,  100% s t r u c t u r e - b r e a k i n g  has occurred .  So the  
r a t i o  X1/ X 2 In the l a s t  column of  the t a b l e  shows the amount 
of  s t r u c t u r e - b r e a k in g  which Is c r i t i c a l  f o r  a given gas.
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Gas x i  f o r  AH® = 0
X2 f o r  
d e f l e c t i o n  po in t
X i /X 2
(percentage)
He 0 ,05 0 ,1 5 33
Hz 0 .075 0 ,1 5 50
"Ar 0 ,10 0 ,1 2 83
02 0 .0 8 0 ,1 0 80
CÜ2 - 0.23 -
This t a b le  shows t h a t ,  f o r  example, hel ium cannot promote 
the  o rg a n is a t io n  o f  s t r u c t u r e  i f  more than 33% has been 
destroyed.  Perhaps only 33% o f  the c l u s t e r s  in water  a t  
4.7°C  are s u i t a b l e  f o r  hel ium to s t a b i l i s e , .  S i m i l a r l y ,  
f o r  hydrogen the f i g u r e  is 50%, f o r  argon 83%, and f o r  
oxygen 80%. For carbon d io x id e  i t  is probably 100%. I t  
might mean t h a t  f o r  he l iu m, the 67% of  the c l u s t e r s  l e f t ,  
a f t e r  t - b u ta n o l  has caused the disappearance o f  the l a r g e r  
ones, are too small  f o r  I t  to  s t a b i l i s e ;  f o r  hydrogen 
t h a t  50% are too sm al l ;  f o r  oxygen and argon about 20% 
are  too smal l ;  and f o r  carbon d io x id e  none a re  too sm a l l .  
This accords w i t h  the s p e c i f i c  I n t e r a c t i o n  t h a t  carbon 
d io x id e  can have w i th  s i n g l e  water  molecules.
(b) Now In pure water  I t s e l f ,  c lu s te rs  w i l l  a lso  be destroyed  
by Increas ing the temperature .  So f o r  a given  gas, I t s  
c r i t i c a l  c l u s t e r  s i z e  a ls o  e x is t s  a t  the temperature  where 
the curve f o r  I t s  s o l u b i l i t y  In water  shows a minimum;
I . e .  f o r  hel ium a t  35°C, f o r  hydrogen a t  55°C,  (as shown 
in Figures 1 0 - 1 3 ) ,  and f o r  oxygen a t  90®C (from Himmelblau^^)
H 4
I t  îs t h e r e f o r e  pos tu la te d  t h a t  when the temperature has 
r isen  to 35“ C, 33% of  the c lu s t e r s  have been destroyed;  
a t  55“C, 50% have gone; and a t  90°C about 80% have gone.
I t  Is a lso  suggested t h a t  the bigger c lu s t e r s  are destroyed  
f i r s t  as the temperature r i s e s .
These r e s u l t s  can now be compared w i th  those obta ined  in 
Sect ion 4 above, in terms o f  the mole f r a c t i o n  o f  organised  
s t r u c t u r e  l e f t  a t  a given  temperature.  Again i t  w i l l  be 
assumed t h a t  a t  the re fe ren ce  temperature of  4 .7°C  the  
mole f r a c t i o n  o f  s t r u c tu r e d  water  is 0 ,7 5*  The comparison 
is shown In the next  t a b l e .
From Sect ion  (4) From t.his sec t io n
temperature
“C
% of  
organ i sed 
s t r u c t u r e
Mole
f r a c t i o n
temperature % of  organised  
s t r u c t u r e
Mole 
f r a c t i  on
4 .7 100 0.75 4 .7 100 0 ,7 5
21 88 0 .6 4
3 9 .4 70 0.53
35 67 0 . 5
60 .2 55 0.41
55 50 0 .3 8
90 20 0 .15
This comparison is remarkably close consider ing  the poss ib le  
e r r o rs  in the parameters used in the es t im at io n s  -  p o s i t io n s  
o f  d e f l e c t i o n  points  and extrema on curves which themselves  
may be sub jec t  to some e r r o r .
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( i î î )  Furthermore,  i f  i t  is accepted th a t  hel ium s t a b i l i s e s  the " l a r g e "  
c lu s t e r s  in w a t e r ,  t h a t  hydrogen s t a b i l i s e s  the "medium" c l u s t e r s ,  
and t h a t  oxygen s t a b i l i s e s  the "sm a l l"  c l u s t e r s ,  i t  is poss ib le  to  
e s t im ate  the r e l a t i v e  amounts of  each of  these present  in water  
a t  a given temperature.  These amounts are shown by the magnitudes 
of AH'’ f o r  the s o l u b i l i t y  o f  the a p p ro p r ia te  gases in w a t e r ,  as 
tab u la ted  below, from Figures 33> 34,  and 36;  values of  -A H ° /k J .
Temperature (approx.) 20°C 40°C
He -  f o r  la rge  c lu s t e rs 5 .7 2 .4 0
H2 “ " medium " 8 5.1 2 .4
O2 " smal 1 " 16.2 12.6 9.1
R at io  of
la rge  : medium : small 0 . 7 : 1 : 2 0 . 4 : 1 : 2 . 5 0 : 1 : 3 . 8
These r a t io s  In d i c a t e  how the r e l a t i v e  amounts of  the d i f f e r e n t  
sized  c l u s t e r s  change w i th  increasing temperature;  l a rg e r  
c lu s t e r s  disappear and sm a l le r  c lu s t e r s  Increase in number. I t  
could be t h a t  the disappearance o f  " l a r g e "  c l u s t e r s  between 20°C 
and 40®C Is r e la t e d  to the t r a n s i t i o n  a t  35*C r e f e r r e d  to  on 
P.108 .  Also the r a t i o  f o r  5*C Is c lose  to t h a t  obta ined  on P . 105 
( i . e .  1 :3 :6 )  f o r  the heights of  maxima on s o l u b i l i t y  isotherms,  
which were a ls o  r e l a t e d  to r e l a t i v e  s izes  o f  c l u s t e r s .
F i n a l l y ,  the d i f f e r e n c e  between these r a t i o s  a t  d i f f e r e n t  
temperatures is evidence f o r  the " f l i c k e r i n g  c l u s t e r "  model of  
Frank and Wen (see P . 4 6 ) .  The c lu s t e r s  are not s teady ,  m e l t in g  
un i fo rm ly  say a t  t h e i r  edges as the temperature r i s e s ,  otherwise  
the same r a t i o  would be mainta ined throughout.  There is ra th e r  
a continuous dynamic e q u i l i b r i u m  between c lu s t e rs  of  d i f f e r e n t  
s i z e s .  Also,  i t  is f e l t  t h a t  the continuum model w i t h  i t s
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uniform d i s t o r t i o n  of  hydrogen-bonds can h ard ly  be re conc i led  to  
t h i s  evidence.
The Qonotus%on reached and confirmed in this section is therefore 
that the decrease in the organised structure of water as 
temperature rises is due to the progressive destruction of larger 
clusters,
A q u a n t i t a t i v e  es t im ate  has a lso  been made of  the t o t a l  mole 
f r a c t i o n s  of  water  organised in c l u s t e r s ,  and of  the proport ions  
o f  r e l a t i v e  s iz es  o f  c l u s t e r s ,  a t  d i f f e r e n t  temperatures .  This  
Is a s i g n i f i c a n t  c o n t r ib u t i o n  to  the understanding of  water  
s t r u c t u r e ,
6.  A CONSISTENT MODEL FOR WATER STRUCTURE
In summary, a " f l i c k e r i n g  c l u s t e r "  model is described as f o l l o w s ,  in 
which a mechanism of  " s t r u c t u r e  s t a b i l i s a t i o n "  Is presented.
An e q u i l i b r i u m  e x i s t s  between la rg e  and small c lu s t e r s  of  water  
molecu les ,  and s in g le  monomers. C lu s te rs  are sub jec t  to thermal  
d i s r u p t i o n ,  which is minimised by the "cushioning"  e f f e c t  of  I n e r t  
s o lu t e  molecules.  There fore  the la r g e r  the so lu te  molecule,  the higher  
the e q u i l ib r iu m  co n cen t ra t io n  of  c lu s t e rs  in the l i q u i d .
Also,  bigger c lu s t e r s  can r e s u l t  from the c o l l i s i o n  of  sm al le r  ones.  
This a lso  w i l l  be i n h i b i t e d  by the cushioning e f f e c t  o f  s o lu te  
molecules unless these are small enough to become enclosed w i t h i n  the  
bigger  c l u s t e r ,  w i th o u t  d i s t o r t i n g  i t s  hydrogen-bonded s t r u c t u r e .
This d i s t o r t i o n  w i l l  be p ro p o r t io n a l  to the s i z e  o f  the s o lu te  
molecules .  So, f o r  example, the smal l helium atom, which can e a s i l y
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be f i t t e d  in to  the l a t t i c e  s t r u c t u r e  of  the icebergs,  can " s t a b i l i s e "  
l a rge  c lu s t e r s  by not i n h i b i t i n g  t h e i r  fo rm at io n .  The bigger the  
s o lu te  molecule,  the more i n h i b i t i o n  of  l a rg er  c lu s t e r s  occurs,  
although the t o t a l  amount o f  s t r u c t u r e  becomes g r e a t e r .
This r a t h e r  s imple p i c t u r e  o f  s i z e  e f f e c t s  is very a t t r a c t i v e ,  and i t  
is In accord w i th  a l l  the f a c t s  presented in t h is  t h e s i s .
7.  FURTHER INVESTIGATIONS
Many of  the conclusions reached from th is  i n v e s t i g a t i o n  could be checked 
by f u r t h e r  work on gas s o l u b i l i t i e s .
( I )  Improvement of  the AH° and AS° curves would r e s u l t  from more
s o l u b i l i t y  de term inat ions  f o r  the gases in the mix tures in the  
v i c i n i t y  of  the d e f l e c t i o n  p o in t s ,  and a t  the maxima in the  
log s isotherms.
( i i )  Other aqueous mix tures could be used as s o lv e n t s ,  e . g .  w i th
ketones,  e t h e rs ,  ac ids ,  u re a ,  e t c . ,  as the org an ic  component.
More work on methanol and the propanols would be of  i n t e r e s t .
Other butanols ( n - ,  i s o - ,  and sec-)  could be in v e s t ig a te d  to  
check the e f f e c t  of  the shape of  the a l k y l  group on water  
s t r u c t u r e .  I t  was n o t ic e d ,  however, t h a t  t -b u ta n o l  provided the  
most accura te  and d e t a i l e d  in fo rm at ion  on s t r u c t u r a l  e f f e c t s ,  so 
t h a t  i t  ought to be used more w id e ly .
( i l l )  Of the gases, hel ium was found to be most useful  as in Sec t ion  
(5) above, but i t s  low s o l u b i l i t y  sets p r a c t i c a l  l i m i t a t i o n s  on 
accuracy.  Hydrogen may be a b e t t e r  compromise, w h i l s t  f o r  some 
parameters,  oxygen appeared to g ive  sharper changes. Rather
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than s e l e c t  one gas,  however, the present  work has shown t h a t  
most In fo rm at io n  is obta ined by the use of  a v a r i e t y  o f  gases 
This v a r i e t y  could be in creased,  and thereby the postu la ted  
s i z e  e f f e c t s  f u r t h e r  c l a r i f i e d .
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APPENDIX I : R e l a t i o n s h i p  o f  V a l e n t i n e r  s o l u b i l i t y
equat ion to thermodynamic fu nc t ions
As on P . 37 we have
d £n s _ 
dT rt2
AHg + ACpT 
RT?
from K i r c h h o f f ' s  equat ion
f 'AHg ACp\
. ‘ . £n s = dT
J RT  ^ RT
-AHg AC
log 5 = —----------- +
2 •303RT R
log T + k where k = constant
o f .  V a l e n t i n e r  equat ion
• l o g s  = Y  c log T -  a
c =  r.. . * .  ACn = Rc ;
b = -AHg2.303R
- ( A H °  + ACpT) 
2.303R
, AH°  = -2.303Rb + RcT ;
and a = -  k .
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AHg AC
Now k = log s + --------------  -    log T2 . 303RT R
and log s =  ^ 303RT ^ loGtng *^ C^  ^ 4 .3 5  (as on P . 36)
k = ^ & f R T - - -  I ^ o i W  ■ '° 9  T + 1og(nB + nc) + 4 . 3 5
ASV ACp, I" - e^ ( t "TaT  + log T) + log(nn + n^) + 4 .3 52 . 303R R ' 2.303  *  ' B C
“ - i r ( ') omo + log T) + log(nm + n«) + 4 .352 . 303R R 2.303   ^  ^ B C
. * .  AS'’ = -2 .303Ra + R ed  + 2.303 log T)
-  2 . 303R log(ne + n^) -  2 .303 x 4.35%
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APPENDIX I I : R e co rd in g  o f  E x p e r im e n ta l  R e s u l t s
The f o l l o w i n g  form was used to c o l l e c t  b u r e t t e  and balance read in gs ,  apply  
any c o r r e c t i o n s ,  and t a b u l a t e  r e s u l t s  to p l o t  on the graph the l i n e  whose 
s lope  gives s ' .  ’ Densi ty  and temperature  are a lso  recorded,  the l a t t e r  to
g iv e  Y  and a lso  to  c o r r e c t  s '  to  s.
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APPEND IX 11 I : Deviat ions o f  Gases from I d e a l i t y
( i )  Of the gases used (he l ium, hydrogen, argon, oxygen, and carbon 
d io x id e )  most d e v i a t io n  from ideal  behaviour is shown by carbon 
d i o x i d e ,  as in d ic a ted  by the f o l lo w in g  molar  volumes (V^) and 
c o e f f i c i e n t s  in the van der  Waals equat ion (P + ”^ )  (V -  b) = RT.
Gas Vm = ~(dm3)* a X i q 3 (kN m^  mol ^ ) t b X 10  ^ (m3 m o l ~ l ) t
He 22.43 0 .3454 2 .37
Hz 22.43 2 .476 2 .66
Ar 22 .40 13.62 3 .2 2
O2 22 .39 13.78 3 .1 8
CO2 22.26 3 6 .4 0 4 .2 7
.. ... . .................
’'dens it y  data from I n t e r n a t i o n a l  C r i t i c a l  Tab les ,  I I I ,  3» 
tv a lu e s  from. Chemical Rubber Co. Handbook 1972, D l 4 l .
(a) Since PV -  Pb -  ab/V^ + a/V = RT f o r  non- idea l  gas,  
d e v ia t io n  h a /V -  Pb.
For experimental  condit ions  used,
P = 101.3 kN m"2, T % 300 K, V = 22 .4  x 10"3 m^,
and d e v ia t i o n  k 101 .3 X b.22 .4  X 10“ 3 
For CO2 , th is  d e v ia t io n  is
1° 2  -  101.3  X 4 .27  X 10"5 kN m m o l ' l
2 2 . 4  X 10 3 
= 1.6 X 10"^ -  0 . 4  X 10“ 2 kN m mol” 3 
= 1.2 X 10"2 X 103 J m ol" l .
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Also PV = RT = 8 .314  X 300 J mol"^
= 2 . 5  X 1q3 j m o l ' l  
. * .  maximum d e v i a t i o n  = 0.5%.
Hence the d ev ia t io n s  are a l l  w i t h i n  the l i m i t s  o f  exper imental  
accuracy.
(b) This approximation to i d e a l i t y  a ls o  permits the use of  Henry's  
law, and the cond it io ns  are not extreme: i . e .  the minimum
p a r t i a l  pressure o f  gas = 560 mmHg when t o t a l  pressure is
760 mmHg. This occurs f o r  ethanol so lvent  a t  60°C when i t s  
vapour pressure is 200 mmHg ( from Chemical Rubber Co. Handbook 
1972 , 0 1 47 -15 0 ) .
(c) In the c a l c u l a t i o n  o f  AG°, the molar  volume of  22 .4  dm^  is used
Again carbon d io x id e  shows the maximum d e v i a t io n  w i th  a molar
volume o f  22 .26  dm^, i . e .  the d e v ia t io n  Is 0 .1 5  dfn^  or 0.7%.
But the c a l c u l a t i o n  uses log \l^ ( -  4 .350)  so t h a t  the d e v i a t io n  
in log Vj  ^ is 0 .003 or <0.1%, I . e .  the e r r o r  is i n s i g n i f i c a n t .
( i i )  In the s o lu t io n  phase, the h ig hest  concentr a t io n  is provided by
carbon d io x id e  w i th  s ' 10^ cm3 kg d
i . e .  no. o f  moles of  gas in s o l u t io n  = 103 /22 ,400  
i . e .  n^ < 0 .05  w h i l s t  (ng + ng) 4 20 to 55 
i . e .  concent ra t io n  < 0 .05  molal  
and mole f r a c t i o n  o f  the gas < 0 .02 5  or
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Hence so lu t io n s  o f  the gases can be regarded as i d e a l ,  because the  
gas molecules w i l l  be e n t i r e l y  surrounded by a p opu la t ion  of  so lv ent  
molecules,  and s o l u t e - s o l u t e  i n t e r a c t io n s  w i l l  not  be p o s s ib le .
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APPENDIX IV : R e l a t i o n s h i p  be tw een  s t a n d a r d  s t a t e s
fo r  thermodynamic funct ions
For a gas A d is s o lv in g  in a so lvent  m ix ture  B + C, using the methods 
described in Chapter 3 ,  equat ions are der ived f o r  the standard s t a t e  
in s o lu t io n  o f  conc en t ra t io n  o f  A of  1 mol dm ^ , as fo l lo w s ;
( i )  ^ (s o ln )  ”  ^%soln) ^ %T £n c i f  so lu t io n  o f  A is d i l u t e
and i d e a l .
= -RT Zn -  P
AG"** = -RT Zn ('2 '2 i| ] '4 * p) as on P . 34
c f .  AG“ =
Then AG” = AG^ + RT Zn p(ng + n^) .
e . g .  (a)  f o r  p = 1 .0 ,  (ng + ng) = 56,  T = 330 K
AG° -  AG^ % 2.3  X 8 X 330 X 1.75 j
^ 9 ,0 00  J ;
and (b) f o r  p = 0 . 8 ,  (ng + n^) = 14, T ~ 280
AG® -  AG^ 4 2 .3  X 8 X 280 x 1.1 J 
= 5,000  J .
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( i i )  AH* = — 4 ( - ^ )  
d ( l )  T
y  R . p)
R — ^  £n s -  R— £n p
d{\) d ( l )
c f .  AH® = -  R— i— £n s
d ( f )
Then AH® = AH’*" + R — ^— £n p
d(y )
or AH® = AH'®' -  RT  ^ ^  £n p
e . g .  f o r  T = 10®C p = 0 . 96787 , log p = T .9858
T = 40®C p = 0 . 95168 , log p « T .9785
i . e .  f o r  AT = 30 K, A log p = -0 .0 0 7 3
and these va lues are very s i m i l a r  f o r  a l l  the so lvents used
So AH® -  AH'®* = - 2 .3  R T ^ ( -0 .0003)
= 6 X 8 T% X 10-4 J
and f o r  T = 300 K
AH® -  AH’®- = 500 J .
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( î i î ) AS'®' = AG"
AS® -  AS*®* = - ^ (A G ®  -  AG®“)
■^[RT Zn p(ng + hq)]
•RT P " R - n^ p(ng •+• n^) ;
or  AS" -  AS- = (AH® AH-) -  (A G : , -  AS:)
which a lso  gives
AS® == AS- -  R[T p + lr\ p(ng ■+* ng)]
e . g .  using the r e s u l t s  in ( I )  and ( i i )  above,
AS® -  AS- 4 J K-1
= -25  J K"l
o r  S  5 0 0  - _.,| P 0 0  J  K _ i
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( t v )  ACp* = ^  AH'
ACp° -  A C p *  = ,  $ p ( A H "  -  A H * )
i j r( -RTR p)
“ 2RT £n p -  RT  ^ P
4 -2RT ^  - n^ p
e . g .  f o r  T = 300 K, and as In ( i i )  above,
ACp® -  ACp- 4 +2 X 2.3 X 8 X 300 X 3 X 10“4 
= 4 J K"l .
The poss ib le  e r r o r  in ACp values obtained from t h i s  work is o f ten  
g re a t e r  than 5 J K " d  so t h a t  in t h is  case,  the d i f f e r e n c e  in 
standard s ta te s  Is I r r e l e v a n t .
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APPENDIX V Co m pu te r  Programmes
(a) FINDH : to  c a l c u l a t e  AH® f o r  checking accuracy o f  the s o l u b i l i t y  
curve;
FINDH;
••bF.r-IN’' " INTEGER" N , X , T :  .
"RFAD" N ;
"BEGIN" "ARRAY" L [ ] : N + 1 , 1 : 8 ,  1 : 23 ;  
bANF.UNF.; ■
"PRINT"  'CHECK DH 





L [ X , 7 ,
"FOR"
" P R I N T
'END'
T : = 1 "
A : = l  "
L C X , T  
X: = 2 "
T: = 2 " 
23 : = x .  
X: = 2 " 




ST F P "  
ST E P "  
, 1 3 ;  
STF.F" 





1 "UNTIL"  N+1 "DO"
1 "UNTIL"  7 "DO"
5 7 5 t ( L [ X , T + l ,  1 3 - L [ X , T ,  13 ) /  C -  A ) ;
ST FP" 1 "UNTIL"  N+1 "DO"
' , P R F F P n i N T ( j ) , L [ X ,  1 , 13, " S 2 "  , FRF EPO INT ( A ) , 
2 , 2 3 ,  " S 2 " , F R F F P Q I N T ( A ) , L L X , 3 , 2 3 ,  " S 2 ' ' ,
PQ IN TC A ) ,  LU X, A, 23 , ' 'S3 '  ' ,  FRFEPO INTC A) ,LC X, 5 , 2 3 ,  
PÜ IN T C A ) , L C A ,  6 , 2 3 , ' ' S 3 "  , F RE F PQ IN T < 4 ) ,  L C A, 7 , 2 1 I
S3)
'END";
Sample data and p r i n t  out  ( f o r  carbon d io x id e  In aqueous e thano l)
1,
4 6 . 0 6 8 , 0 .  
0 . 0 0 3 6 , 3 .  
0 . 0 0 3 5 , 3 .  
0 . 0 0 3 4 , 2 .  
0 . 0 0 3 3 , 2 .  
0 . 0 0 3 2 , 2 .  
0 . 0 0 3 1 , 2 .  
0 . 0 0 3 0 , 2 .  
0 . 0 0 2 9 , 2 ,
0 0 0, 
1 6 0 ,  
0 4 0 ,  
9 3 0 ,  
8 2 8 ,  
7 3 2 ,  
6 4 8 ,  
5 7 0 ,  2, 2,
0 .021,0 . 
3 .  1 4 8 ,  3 .
3 . 0 3 2 . 2 .
2 . 9 2 6 . 2 .
2 . 8 2 9 . 2 .
2 . 7 4 1 . 2 .
2 . 6 6 0 . 2 .  
2 . 5 8 8 , 2 .  
2 ,  2 ,  3 ,  3 ,
0 6 6 ,  0 « 
0 9 3 ,  2 .  
9 9 6 ,  2 .  
9 0 6 ,  2 .  
8 2 3 ,  2 .  
7 4 7 , 2 .  
6 7 6 ,  2 .  
61 1, 2 .
I 6 2 , 0 .  
9 8 4 ,  3 ,
9 2 8 ,  3 .  
8 7 2 ,  3 .  
8 17 ,  3 .  
7 6 3 ,  2 .  
7 1 2 , 2 .  
6 6 4 , 2 .
3 1 1 , 0 .
1 6 2 . 3 .
1 0 8 . 3 .
0 5 7 . 3 .  
0 1 1 , 3 .
9 6 8 ,  3 .  
9 2 9 ,  3 .  
8 9 3 ,  3 .
7 4 2 ,  0 .
5 1 6 . 3 .
4 5 4 . 3 .
3 9 2 . 3 .  
3 3 2 , 3 -  
2 7 2 ,  3 .
2 1 4 . 3 .
1 5 8 . 3 .
9 8 0 ,
6 4 2 ,
5 7 2 ,
5 0 2 ,
4 3 2 ,
3 6 5 ,
2 9 8 ,
2 3 2 ,
CHECK DH
X 2 8 1 . 7 2 8 9  . 9 2 9 8 . 5 3 0 7 . 7 3 1 7 . 5 3 2 7  .
0 0 0 0 -  5 AAA - 5 0 7 8 - 4 6 6 7 - 4 3 0 0 - 3 9 3 5 - 3 5 2 3021 0 - 5 3 0 7 -  48 49 - 4 4 3 8 - 4 0 2 6 - 3 7 0 6 - 3 2 9 40 6 6 0 - 4 4 3 8 - 4 1 1 7 - 3 7 9 7 - 3 4 7 7 - 3 2 4 8 - 2 9 7 41 6 2 0 - 2 6 5 4 - 2 5 1  6 - 2 3 7 9 - 2 2 4 2 - 2 1  05 - 2 0 1 33 1 1 0 - 2 3 3 3 - 2 1 9 6 - 2 1  05 - 2 0 1  3 -  1921 -  1 8 3 07 4 2 0 - 2 8 3 6 - 2 8 3 7 - 2 7 4 5 - 2 7 4 5 - 2 6 5 4 - 2 5 6 29 8 0 0 - 3 2 0 3 - 3 2 0 3 - 3 1  57 - 3 1 1 1 - 3 0 6 5 - 3 0 1 9
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(b) D6HS21 ; to  c a l c u l a t e  AG®, AH®, and AS'
DGHS2.1 ; 
"BEGIN " "INTEGER" N , X , T ;  
"READ" \l;
BEGIN" "ARRAf" .LC 1 :N + 1, 1: 12,  1 : 41 ;  
SAMEL IN E;
"PRINT"  'BASIC FUNCTIONS 
X 1 / T  DGCKJ) DKCKJ) D S (J / K )
"FOR" T : = l  "STEP" 1 " UN TI L"  12 "DO"
"FOR" X ; = l  "STEP" 1 "UNTIL"  N+1 "DO"
"READ" L C X , T , 1 ] ;
"FOR" X : = 2  "STEP" 1 " UNTIL"  N+1 "DO"
"BEGIN" L E X , 9,  2] : = - L CX ,  11,  1 3 k 1 0 O 0- 2 9 O + L [ X , 9 ,  1 3 .5
LUX, 10,23 : = ~L[X ,  1 2 , 1 3 + 1 0 0 0 - 3 1 0+LCX, 10, 13 ;
LUX, 1, 23 : = 1000/CLC 1 , 1 , 1 3+L C X , 1 , 13 /  C 1 - L  C X , 1 , 1 3 ) + 18 ) ,*
LCX, 1,33 : =LCX, 1, 1 3 kLCX, 1 , 2 3 / (  1-LCX,  1 , 1 3 ) Î 
"FOR" T : = 2  "STEP" 1 " UNTIL"  4 "DO"
L E X , T , 3 3 : = ( L [ X , 9 , 2 3 + L [ X , 9 , 1 3 / L [ 1 , T , 1 3 ) + 4 . 1 8 4 + 1 0 f ( - 3 ) ;
"FOR" T : = 5  "STEP" 1 "UNTIL"  3 "DO"
L C X , T , 3 3 :  = ( L [ X , 1 0 , 2 3 + L [ X , 1 0 ,  1 3 / L C I , T ,  I 3 )  + 4. I 8 4 + 1 0 f ( - 3 ) ;
"FOR" T : = 2  "STEP" 1 "' . ' iNTIL" 3 "DO"
"BEGIN" LCX, T ,  2 3 : = ( (  1 9 . 9 1 + 1 . 9 3 7+LM C L C X , 1 , 23+LC X,T , 33 ) -  4. 575kLC X , T,  1 3 ) /
LC 1, T,  13) + 4. 13 4+ 1 or ( - 3) ; 
L C X , T , 4 3 : = C C L C X , T , 3 3 - L C X , T , 2 3 ) + L C 1 , T , 13 ) + lOO0î  
"PRINT"  ' ' L "  , ALIGNEDC 1, 3 ) , L C X , 1 , 1 3 , ' ' 3 4 '  '  , FREEPOINTC 4) ,
LC 1, T,  1 3 , '  ' 3 7 '  ' , FREEPOINTC 4) ,LCX,  T,  23 , ' ' 3 7 '  ' , 





Sample data ( f o r  carbon d io x i d e  in aqueous e thanol ) :
1 1 ,
Z  f  ,  KS > -')• I ( ),  L • 1) c' 1 ,  "I * 11 A ,  I ' • 16 2 ,  • 31 1 ,  • 7 2 ,  ' i • 9 H <'j ,  n  • '•'*,
L). J U 3A , 3 * 16 V,,  3 .  1 4 h ^  3 •   ^' 9 3 ,  2 •  9 h 4 , 3 . I f  1 , 3 »  5 1 6 ,  3 *  6 4 p 3 . 1 3 . ' ,  
W. 0 0 3 5 ,  3 . 1 ,  3 . 0 3 3 ,  2 .  9 9 6 ,  2 .  9 2 6  , 3 . 1 1  0 ,  3 .  '  5 4 ,  3 -  5 7 2 ,  3 .  0 2  1 ,
Û.  0 0 3 4 ,  2 .  9 3 3 ,  2 , 9 2 6 , 2 . 9 0 6 , 2 .  5 7 1 , 3 *  36  2 ,  3 - 3 9 2 , 3 .  5 0 2 , 2 .  9 2 0 ,  
0 » 0 0 3 3 ,  2 .  3 2 5 ,  2 .  R 2 û ,  % .  o 2 v i ,  2 .  0  1 9 ,  3 .  0 1 6 ,  3 *  3 3 2 ,  3 *  4 3 ,  r ' .  6 ^ 7 ,  
0 .  0 0 3 2 ,  2 .  7 3 4 ,  2 .  7 3 3 ,  2 .  7 4 7 , 2 .  7 7  0 ,  2 *  9 7 2 ,  3 .  2 7 2 ,  3 .  3 6 5 , 2 .  7 4 ) ,  
vj .  0 0 3  1 , 2 . 6  / R ,  2 .  6 5 6 ,  2 .  6 7  6 , 2 .  7 2 4 ,  2 .  9 3 0 ,  3 .  2 1 4 ,  3 .  2 9  5 ,  2 .  6 < 2 ,  
0 .  0 0 3 ' 0 ,  2 .  5 7  1 , 2 .  5 3 3 ,  2 .  6 1 1 ,  2 .  6 3 ' ! ,  2 .  3 9  0 ,  3 .  1 5 3 ,  3 .  2 3 2 ,  2 .  5 9  1 , 
1 ,  /! 7 ,  /'  6 ,  3 H ,  1 7 ,  I r  , 6 ,  4 3 , 2 1 ,  I 4 ,  V ,
1 , 3 9 , 3 0 , 2 6 ,  1 2 ,  9 ,  6 ,  / j ,  3 3 ,  1 5 ,  1 ,
1 , 5. 0 7 , 4 . V, 4. 1 2,  2. 5 4 , 2. 2 1 , 2 .  5,  3.  2 1 , 4 . 62 ,  2. 93,  2.  2î‘j ,  P. 40,  




2. 2 . 




997 ,  
9 30,  
86 6 ,
3 0 6 , 
7 4 9 , 
6 9 5 ,
6 4 4 ,
i . '
3. .15 1
3 . ' '0 0
r' . 9 5 F' 
2 . 9 ' 6
.1
5 3 )^1 
34 7  I 
29;t l  
24  1 I
19 l1
1 421 
09  5j 
O/i&i
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Both these programmes use an a r ray  where the data is presented In the  
( x ,y )  p lane ,  and the a p p r o p r ia t e  r e s u l t s  are c a lc u la te d  In t o  the ( y , z )  













The programme FINDH a c t u a l l y  uses p a r t  of  t h is  same data w i t h  x = (1 ^  N + 1 )  
y = (1 - > 8 )  and z = (1 ->• 2) .
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